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Abstract
This thesis presents the development of novel remote touch communica-
tion systems for the modern day family. Pet Internet demonstrates a novel
input interface that captures human touch and an output interface that
reproduces the touch on the pets body. The human user has a doll resem-
bling the pet as the interface, while the pet adorns a lightweight, wearable
haptic suit. Huggy Pajama demonstrates a novel remote hugging commu-
nication system that allows family members to hug each other remotely via
the Internet. The input interface is a small, mobile device that captures
human touch force and the output interface is a mobile wearable suit with
embedded pneumatic actuators. Users indicated their positive feelings and
perception of the system, and noted their willingness to use this system in
their daily lives. Our systems and the studies provide a strong fundamental
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During the prehistoric ages, humans use fires and smoke signals to commu-
nicate with one another remotely. With the invention of paper and writing,
humans use letters to communicate, even though this involves a longer time
in getting information from one point to another. Other methods include
heliographs, maritime flags and signal lamps. All these methods can be
categorized as visual modes of communication.
Humans have also communicated by voice and sound since the prehis-
toric ages. The sounds of drums and horns give coded signals to someone
remotely located. It was not until the advent of the telegraph in 1838 that
methods of such communication can reach its intended target in a fairly
short time and with precise encoded messages. In 1876, the telephone was
publicly demonstrated by Alexander Graham Bell, and this represented a
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quantum leap in the history of distance communication because we now
have our voice transmitted and received in real time via a rather high fi-
delity method compared to earlier telecommunication methods.
From a visual perspective, the invention of the television showed that
it is possible to reproduce electrically encoded visual signals remotely. The
first remote visual communication device is shown in 1930, called the video-
phone [6]. Recently we have seen the proliferation of full duplex audio
visual telecommunication systems for video conferencing with the advance-
ment of the Internet and the increase in bandwidth for remote communica-
tion channels. With visual communication, it has also allowed humans to
communicate using the sign language, especially for the speech and hearing
impaired.
Implicit in this method is also the ability for humans to communicate,
whether consciously or subconsciously, the non-verbal aspects of our in-
tended message. Our gestures accompanying our speech give impressions
about our underlying feeling and attitude. For example, when we are aggres-
sively trying to deliver a message, our hand gestures tend to move furiously
in sync with our speech, and all these are captured and transmitted to the
receivers on the other end.
This particular example presents a unique and interesting question.
Throughout history, most distance communication has focused on voice
and visual communication. However, even when we are talking on the tele-
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phone, we move our hands and bodies in a way that we usually do when we
talk to someone in physical presence. This natural way that we talk and
communicate in our daily lives incorporates not only the voice and visual
aspects, but also our gestures, movements, flinching of the eye, a hand-
shake, a pat on the back, a firm grip on the arm, and so on. The interesting
question is, can distance communication be more effective by incorporating
other types of modes besides visual and voice? More specifically, can touch
be an important part of remote communication that has not been given due
attention?
While there have been significant improvements in the way humans com-
municate remotely, with the proliferation of the Internet and current gen-
eration mobile devices, are there important aspects of traditional ways of
communication, such as sending a letter, which is missing? It is impor-
tant to consider these less obvious aspects of communication, because by
considering touch or haptic information alone, we are separating the visual
and voice aspects from remote communication. In a letter, the handwrit-
ing of the author, the carefully worded statements, the choice of the paper
used, the signature and the envelope all communicate certain messages to
the receiver. It presents a more abstract way of communicating with the
receiver, allowing him or her the time and space to interpret its messages
in a way that direct telephone or video conversation cannot. In a way, it
can be thought of as an artist relating the message of the viewer through
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his or her masterpiece. Similarly, can touch or haptic communication al-
low a more abstract communication manner, thereby allowing more implicit
communication, a communication of how we feel and our inner mind?
1.2 Problems statements and aims
As pointed out in the previous section, the ability for non-verbal communi-
cation is a special trait inherent in humans and animals. In the interaction
between human and pet, where verbal communication is usually not feasi-
ble, non-verbal communication becomes vital. In this dissertation, we look
at the non-verbal communication that exists in a modern day family. More
specifically, we investigate the importance of touch communication for the
parent-child and human-pet relations in a family.
The research work presented in this dissertation brings up some themes
and problems that are related to the discussion in the preceding section.
They are listed as follows:
1. Why is touch important for family communication?
2. Why is remote touch important for family communication?
3. What are the systems developed?
4. Who are the target users?
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5. How to develop touch communication system for family communica-
tion?
6. How is the technical performance?
7. What are users feedback?
This dissertation targets the research problems by developing remote
touch communication systems that help improve the modern day family
communication. We aim to provide effective, natural and intuitive touch
communication systems targeted at human-pet and parent-child users. The
research journey starts with the design and development of the human-pet
remote touch communication system. The dissertation details the various
design problems, engineering decisions and solutions that are implemented
to solve these problems. The knowledge gained from developing the human-
pet remote touch communication system contributes to the design of the
parent-child communication system. To gain a deeper understanding into
the design of such systems, we also aim to evaluate our systems with the
targeted user groups. The purpose of these user studies is two-fold, to
obtain user’s feedback on the usability and effectiveness of the systems, and
to provide design guidelines for future development of such systems.
This dissertation is useful or might be of interest to researchers and
developers in the fields of:
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• touch sensing and actuation.
• human-human and/or human-pet communication
• human computer interfaces and interaction
• touch-based communication
1.3 Objectives
In this section, we define the scope of the thesis to include the following






The design process plays a very important role in the development of the
system. It helps us to understand who are our target users and what are
the interactions we should design for the users. The design process also
allows us to overcome practical design problems that may not be related
to the electronics and engineering aspects of the system. For example,
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in designing air-actuated pockets in a wearable suit, we have to consider
flexible materials to form the pneumatic connections. In other words, in
this process, we optimize all the resources and constraints to design the best
possible system. This thesis discusses the design process for the development
of each prototype of the remote touch communication system.
User scenarios
In the rest of the dissertation, the development of the human-pet and
parent-child remote touch communication systems follows the user scenarios
as described here. These specific scenarios guide the design decisions of the
systems. For example, in order for the pets to move freely while still being
able to feel the touch actuation, the wearable interface should be designed
to receive data wirelessly. The following scenarios are the focus of the
human-pet remote touch communication system:
• Pet owner, Jim is having a busy week at work, staying till late nights
in the office. Even though his housemate helps him to feed his pet
when he is not at home, Jim is worried about leaving his pet to itself.
However, using Pet Internet, Jim can interact physically with his pet
while in the office, and knows that his pet is fine. His pet, feeling
Jims touch, would react by moving around, which can be seen by Jim
via both the video camera feed and also the movement of the pet doll
which tracks his pet.
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• Clara has been away on a business trip for almost a week. Before
she left, she made sure that the automatic pet feeding machine in her
home has enough food to last her pet for two weeks. Clara, however,
is still anxious about being away from her pet for a long period of
time, and would like to have feel of the physical presence of her pet
and touch her pet as she always does at home. With Pet Internet,
Clara connects the Pet Doll input module back to her home system
via the Internet, and touches her pet. She feels better knowing that
her pet is responding via its movement reflected on the pet doll.
When designing the parent-child remote touch communication system, we
also focused on a couple of scenarios to guide the design decisions. The
main interactions that we aim for is to provide the ability to hug or squeeze
someone remotely. At this point, it is important to distinguish clearly our
definitions of touch and hug. By touch, we mean the general physical contact
as detected by the human skin at any parts of the body. In this thesis, hug
refers to the specific act of embracing someone. We see hug as a subset of
touch, and acknowledge that the study of hug cannot be done exclusively
without relating it to touch. These scenarios that we are designing for are:
• Parent and child are separated by a distance and the traditional rou-
tine of tucking in for the night is not possible. Without the Huggy
Pajama system, the users would use telephone to say goodnight. With
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the Huggy Pajama system, the users would initiate the goodnight rou-
tine through telephone and send hugs to each other at the same time.
• Parent and child are separated by a distance and the parent wants to
make contact with the child by sending a pat/rub on the back and a
general message to the child that the parent is thinking of him/her.
While these scenarios are mainly focused on interaction between par-
ent and child, there are also many other possible application scenarios
which might not involve parent and child. One example is that such
a system could be used as an implicit mode of communication when
verbal communication is not appropriate. For example, wife could
communicate with husband through touch during a meeting, without
making the other parties in the meeting aware of the communication.
Different scenarios could lead to slightly different designs of the sys-
tem, while the main architecture of the system remains fairly constant.
It is important to note that aspects related to user interface, design
form factor and aesthetics are very much influenced by these specific
user scenarios.
Prototype development
This dissertation provides a detailed discussion on the development of
the different prototypes for the remote touch communication system. Each
subsequent prototype is fundamentally an improved version of the previous
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version, where the improvements cover both the technical and practical
design aspects. Each prototype is designed based on specific objectives. At
the end of the development of each prototype, the experience and knowledge
gained serve to improve the current version of the prototype.
Technical evaluation
At various stages of the project, technical evaluations are conducted to
verify the technical functionality of prototypes. For example, in developing
the input touch sensing module, it is important to ensure that the input
module can consistently detect and measure the touch force provided by the
users. For this purpose, an experiment is conducted to measure the perfor-
mance of the touch sensing module. This dissertation covers the evaluation
of the input and output modules of our system.
User studies
Last but not least, the development cycle would not be complete without
evaluating the effectiveness of the system with its intended users. This thesis
also describes the user studies conducted for different prototypes of the
system, and presents detailed discussions on the results of the studies. The
user studies essentially serve two objectives, to obtain design parameters
to guide improvements to prototypes, and to evaluate the effectiveness of
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our touch communication systems by obtaining quantitative and qualitative
feedback from users.
1.4 Innovations and Research
The work presented in this thesis advances the field of remote touch com-
munication, specifically in the area of family communication. The systems
developed here are pioneering efforts to solve the communication problems
that exist in parent-child and human-pet relations. They could serve as a
platform for developing different types of applications based on touch in-
teraction. We also presented many guidelines and learning experiences as a
result of this research work, that researchers and developers can adhere to
when developing similar touch interaction system.
One of the major contributions of this research is that, we found that
air actuation method is the most suitable to be applied for reproducing hug
sensations compared to other widely used touch actuation methods.
More specifically, this thesis provides the following main research con-
tributions:
1. Design and development of sensors and actuators that can be used for
a touch communication system
2. Design and development of an integrated remote touch communication
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prototype system for human and pet, and for parent and child
3. Technical evaluations to verify the performance of the research proto-
type
4. User studies to provide user evaluations of system, and provide data
for further improvements
1.5 Thesis overview
Chapter 1 gives a general overview and introduction to the thesis, and
describes the aims, approach and major contributions of the thesis.
Chapter 2 presents the motivation for this research. It also presents a
summary of related works in the area of human-human and human-
animal touch communication and interaction systems. In addition,
related works in haptic sensing and actuation methods are also sum-
marized.
Chapter 3 describes in detail the methodology and prototypes develop-
ment of our research. This chapter forms a significant part of the
thesis, and contains the various prototypes that are developed.
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Chapter 4 presents the technical evaluations performed on the various in-
put touch sensing and output touch actuation modules developed. It
also provides the design of the user studies and discussion of the re-
sults for the studies.





This chapter starts by giving a brief overview of how our sense of touch
works. We then look at the importance of touch for human communication
with other humans and pets. We use different perspectives to illustrate the
importance of touch in our daily interaction and communication. Specifi-
cally, our focus is on the context of communication within a modern day
family. Following that, we substantiate the importance of having the ability
to communicate by remote touch. For this, we focus on two groups of users,
parent-child and human-pet, and describe the importance of remote touch
for these group of users. The last section of this chapter provides a review
of the previous works that attempt to solve the problems that we described
for modern family communication. For this purpose, we review works in
the area of human-human haptic communication and human-animal inter-
action. We also discuss the limitations of the previous works and propose
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how our work is novel compared to previous works.
2.1 Background
As we move further into the digital age, we are growing physically further
apart from family and friends. In today‘s modern urban lifestyle, working
parents are constantly kept apart from their children at home by work
commitments and business trips. Children and pets are often in the care
of others, or left at home as latchkey kids, while parents are constantly
balancing between work and the family life, often worrying about the well
being of their children and pets. The rapid development of society brings
about a vicious cycle that can result in feelings of isolation, loneliness and
a lack of sense of value [42]. While the proliferation of computers and the
Internet enables us to exchange information and perform certain tasks in a
quicker and more efficient manner, we are isolating ourselves from the real
world where actual physical touch is very important as a communication
means.
Figure 2.1 shows a scenario commonly seen in this modern globalised
world. It affects countless modern day families. We have identified two
major relationships that face increasing challenges to retain the benefits
of touch communication. These relationships are the relationship between
parent and child, and the relationship between human and pet. In this
16
Figure 2.1: Modern day family relationship
thesis, we focus on these two major relationships in the context of a modern
day family.
2.1.1 The sense of touch
Touch is an active multisensory system that consists of three systems- cu-
taneous, kinesthetic and haptic. The cutaneous system works by receiving
input from nerve endings that are embedded in the skin. The kinesthetic
system receives input from mechanoreceptors in the bodys muscles, ten-
dons and joints. The haptic system uses inputs from both the cutaneous
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and kinesthetic systems [82]. The final huggy pajama we have in mind will
be able to reproduce a hug, which stimulates the haptic system. Below are
details on how the cutaneous and kinesthetic systems work.
The sense of touch from the cutaneous system [68] originates in the bot-
tom layer of your skin called the dermis. The dermis is filled with many tiny
nerve endings (receptors) which give information about the touch feeling.
They do this by carrying the information to the spinal cord also known as
the central nervous system (CNS), which in turn channels the messages to
the brain to locate where the feeling is registered.
The body has about fifty different types of receptors that can send mes-
sages to the brain. The most common receptors are heat, cold, pain, and
pressure or touch receptors. Touch sensitivity varies drastically over the
skin. Some areas of the body are more sensitive than others because they
have more nerve endings. The least sensitive part of the body is the middle
of the back. The most sensitive areas of the body are the hands, lips, face,
neck, tongue, fingertips and feet.
Table 2.1 lists the sensations and how they are detected as explained
by Guyton [70].
The tactile senses present a difficult challenge to be sensed and repro-
duced. Due to the dependency of our tactile senses to one another, and
to other senses such as the inner ear vestibular system for sensing equi-





Originates from the surface of the body
Proprioceptive (kines-
thetic)
Concerns the physical state of the body, in-
cluding position sensations, tendon and mus-
cle sensations, pressure sensations from bot-
tom of the feet, sensation of equilibrium
Visceral (kinesthetic) Originates from the viscera of the body, usu-
ally refers to sensations from the internal or-
gans
Deep (kinesthetic) Originates from deep tissues, such as fasciae,
muscles and bones. Includes deep pressure,
pain and vibration.
Table 2.1: Haptic sensation clessification
requires stimulating many different senses.
In this research project, the understanding of how the skin senses touch
is important, as it is one of our aims to reproduce the sensation of touch.
However, at this stage, we are not specifically designing with a particular
sensation in mind. It is important though, to note that these tactile senses
influence one another. While designing systems for reproducing touch, it
is important to know the relations between the different senses because it
affects how users feel about the touch.
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2.1.2 Why touch is important for human communica-
tion?
Current communication technologies are helping people to stay in contact
on a much wider and faster scale even when compared to just 10 years ago.
Proliferation of communication applications riding on the mobile network
and the Internet means that it is so much easier to exchange instantaneous
information, have voice conversations remotely, and even see one another
through video conferencing. However, we come to the realization that audio
and visual modes of communication may not be enough for sustaining re-
lationships remotely. Humans communicate effectively through verbal and
non-verbal modes in our daily lives. When we talk, we use gestures to give
emphasis to our meaning. We also use physical contact to illustrate our
deeper feelings, such as hugging someone when we express about our love
and care, giving a pat on the back for showing encouragement and a firm
squeeze on the arm when we want to convey an urgent information. Touch
is able to signal deeper meaning than words. It enables us to communicate
on a social platform in a more impactful manner compared to mere words,
signaling affiliation and support. For example, while the words may change
in the greeting and farewell rituals of family members, friends and even
political representatives, these rituals consistently involve tactile exchanges
such as hugging, kissing or shaking hands [76]. Likewise, interpersonal touch
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as seen in team sport accompanies or replaces verbal communication during
exciting moments in the game. Touch is also important in smaller groups
when one individual shares positive or negative news or seeks support and
confirmation [75].
Besides that, in the field of nursing and caring, the importance of touch
for humans is most pronounced. Touch plays very important functions
in caring, i.e. promoting physical comfort, promoting emotional comfort,
promoting mind-body comfort, performing social role, and sharing spiritu-
ality [43].
We can see the important roles that the physical touch plays in our
daily lives. Next, we also look at why touch is important to specific family
relationships.
Hugging and touching is a vital part of human brain communication
essential for the mental development of young children [67]. Young children
may not fully understand words, but a touch is a natural and intuitive way
to communicate feelings of care to young children. Infants who are unable to
speak, communicate through touch and through variations in infant touch
across periods research suggest that they communicate their affective states
through touch [97]. Through touch, we can transcend spoken language to
the language of wider expression and inner feeling. Some researchers ar-
gue that maternal touch can compensate for the lack of verbal and facial
emotional communication by depressed mothers with their infants [103].
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Children who are deprived of maternal contact for six months or more be-
haved in a withdrawn, depressed and disinterested manner, and were un-
able to reestablish their normal attachment to their mother. According to
Bowlby [33], children who suffer long-term or repeated separations during
the first three years of life are usually permanently disabled. These studies
suggest that children need to constantly be in touch with their parents. We
focus on the interaction between parent and young children because young
children are at a formative age in life in which they require a considerable
amount of attention and affection.
One of the more important acts of touch is hug. In various types of hugs
we may speak of security, confidence, trust and sharing in a manner that
no word can tell. Hugging is therefore an important interaction between
parent and child.
Attachment theory provides a descriptive and explanatory framework for
understanding human interpersonal relationships [33]. According to attach-
ment theorists, children and infants require a secure relationship with adult
caregivers in order for normal emotional development. The theory originat-
ing from earlier ethological experiments on infant rhesus monkeys by Harry
Harlow indicated that the infants spent more time with soft mother-like
dummies that offered no food than they did with dummies that provided a
food source but were less pleasant to touch [41]. Thus, from its origins to
the present day, attachment theory suggests that touch is a crucial element
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in establishing a secure connection between parent and child [123]. There
has been much discussion regarding whether or not computers might facili-
tate remote touch. However, the beneficial effects of mediated social touch
are usually only assumed, and have not yet been submitted to empirical
scrutiny.
One of the main motivations for our research using mediated touch and
hugs as part of the communication process is to better support social in-
teraction. Processing haptic information is an important function of the
Parietal Cortex of the brain and plays a significant role in the cognitive
aspect of thuman’s daily activities. This has been shown in various psycho-
logical studies exploring how touch is essential for complex sensory-motor
tasks while also offering a deeper neural sensation evoking recognition and
judgment processes. Such neurological consciousness aroused through the
available haptic information is important for humans in decision-making
pertaining to their surrounding environment and for interaction with oth-
ers[74].
Furthermore, it has been shown in the proprioception (a process of cor-
relation amongst the multimodal sensations) of the Parietal Cortex, that
the human perception can be influenced to create an illusion of something
which is unreal. In [32], a touch is reproduced with the right representation
(for example a rubber hand in place of a real hand), and human subjects
are made to believe that the rubber hand is actually real. This cycle of
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self-attribution convinces the human subjects that a real hand is touching
them. This gives us confidence to believe that with the right haptic feel
and with the context of the situation carefully controlled and delivered for
the human subject, mediated touch communication could be an effective
communication channel.
2.1.3 Why touch is important for human pet commu-
nication?
In the past few years, there has been an increase in interest in relationships
between humans and animals and in particular with the animals that we
keep as companions. In this section we discuss the benefits of pet ownership
both to the owner and to the animal. Pets have been cited as providing
social support. Social support provided by pets has some advantages com-
pared to the social support given by humans. Pets can make people feel un-
conditionally accepted, whereas fellow human will judge and may criticize.
Ros [109] stated that social support by other humans can be threatening.
Pets satisfy human beings need to nurture. There is evidence that self-
esteem is an important aspect of social-emotional development of children.
Bergesen [25] found that children‘s self-esteem scores increased significantly
over a 9-month period of keeping pets in their school classroom. Many
parents admit that pets can be valuable tools which can be used to educate
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children about life events [92].
Beginning in the 1980s, professionals who used animals in therapeu-
tic settings began to make a distinction between animal-assisted activities
(AAA) and animal-assisted therapy (AAT) [39] . AAA provides opportu-
nities for motivational, educational, recreational and therapeutic benefits to
enhance quality of life and is delivered in a variety of therapeutic environ-
ments by a specially trained professional in association with animals. AAT
is a goal-directed intervention in which an animal is used as an integral part
of the treatment process. A successful prison- based AAT which involved
cats, goats, birds and small farm animals [38] demonstrated that inmates
who had pets to care for were less violent, had increased appropriate social
conscience, fewer infractions and needed less medication than those inmates
without pets. Animals can be used in therapy setting to teach new skills or
to reduce maladaptive behaviors [39].
The effect of touching and stroking on poultry and other animals
Many homes have companion animals, usually dogs or cats, and people enjoy
stroking them. Animals often respond by closing their eyes and showing
pleasure. Touch is very important to both animals and human beings.
In a study by Jones [85], it was shown that poultry farmers could have
more productive hens if they installed video screens showing chickens being
stroked. It was found that hens that are deprived of human contact are
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likely to be more anxious and prone to poor egg-laying. However, it is not
feasible for the farmer to handle every chicken in todays huge commercial
flocks, and further tests showed that for a chicken to watch another one
being stroked had almost the same effect.
In another study [109], it was shown that stroking suppresses stress-
induced elevation of ACTH (secretion due to maternal deprivation) in an-
imals. The above shows that touch and stroking are very essential for hu-
mans and animals. There might be the situation in which touching animals
is not possible, for instance, when we are in the office, traveling or in the
hospital; therefore, virtual stroking would be helpful when our real presence
is not practical.
Touch is a very important way of communication in animals. Research in
animals show that offspring of highly-licking mothers has a greater number
of glucosteroid receptors in the hippocampus supporting the down regula-
tion of HPA activity during stress [121]. As a consequence these animals
are better adapted to deal with stressors later in life. Interestingly, mater-
nal licking also affects the oxytocin system leading to a higher expression
of oxytocin receptors in the brain and increasing pro-social behavior in the
developing animal [40].
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2.2 Why is remote touch communication im-
portant?
The previous section depicts the various important functions that touch
plays in the lives of humans in their interactions with other humans and
animals. In order to motivate our work further, we need to understand the
importance of having the ability to communicate remotely by touch, espe-
cially in a modern day family. We look at the two important relationships
as stated earlier, parent-child and human-pet relations.
2.2.1 Remote parent-child communication
Despite its apparent benefit, however, instances of touch have declined over
the past years [83]. Physical separations due to modern life style and work
related travel contribute to this change. Even though remote textual, visual
and audio communication tools exist, remote haptic communication systems
serving remote contact comfort for parents and their young children are still
sorely lacking. Also, with the busy lifestyle of modern working families,
there are fewer opportunities for parents to provide contact comfort for
their children. We therefore believe that contact comfort, albeit remote
and mediated, can contribute to healthy emotional development between
parents and children compared to the situation where there is no contact
due to physical separation.
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Although never intended to replace real physical hugging, we believe a
remote touch communication system would be of great benefit for times
when the parent and child cannot be at the same physical location. It is
our aim to provide a supplement to normal physical contact, encouraging
new interactions while separated physically.
2.2.2 Remote human-pet communicationn
In the modern family with a busy lifestyle, pets are often left at home with
little more than food and water. Even though pet provides companionship
for its owner, it is seldom cared for as the owner is occupied with work
and social activities. Therefore, not only do the owner not benefit from the
advantages of having a pet, the pet suffers from a lack of attention and care
as well. The phrase, “A dog is a man‘s best friend” would mean little if
man does not actually spend enough time with the dog.
There could be instances where the pet actually has an uncaring owner
who is negligent of the pet. There may be many reasons for pet owners to
be negligent of their pets. For example, they may have received the pet
as a gift, or they may be reluctant owners who are helping their friends
to care for the pet. Some may even grow tired of caring for the pets after
the initial enthusiasm of owning a pet waters down. However, we believe
that a large number of pet owners in today‘s modern families are actually
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sincere in caring for their pets. After all, pets provide owners with a source
of natural living behavior and love.
For sincere pet owners, there could still be obstacles in caring for their
pets, and for their pets to provide the intended companionship to them.
Pet owners still have to attend to their daily activities outside of home,
such as working, schooling and traveling. These are responsibilities that
most people cannot avoid. Also, there may be social activities outside of
the routine work hours that pet owners are involved. All these activities
add up to mean that very little time is actually spent physically with their
pets, thereby limiting the interaction time between human and pet.
In such scenarios, it is important to be able to attend to the pet own-
ers activities outside of home, while still retaining the ability to interact
remotely with their pets. We therefore propose a remote touch commu-
nication system for human-pet interaction as a solution to allow both pet
owners and their pets to retain certain benefits in the symbiotic human-pet
relationship.
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2.3 State of the art and technology in haptic
and touch systems for communication
The focus of this research project is on developing remote communication
system that provide a natural and seamless way for users to interact using
the sensation of touch. From this perspective, our aim is to demonstrate a
proof of concept prototype that shows how we sense touch, transmit touch
across a distance, and reproduce touch. It is important to look at this
project as an integrated system that allows touch communication to function
effectively via a distance.
In this section, firstly, I present a review of the previous works on re-
mote human-human and humanpet haptic communication systems. These
previous works show the current state of the art in remote haptic commu-
nication, and their limitations to achieve a remote touch communication
system to solve the modern family‘s needs. It is also important to know the
advantages of these systems. These positive points should be retained as
guidelines to design our systems.
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2.3.1 Previous human-human haptic communication
systems
Research in the area of haptics has been increasingly gaining interest from
different fields. Different application areas ranging from gaming to surgery
uses haptics to enhance the feedback and enrich the immersive experience
of the user. Haptics applied to remote systems is one key area of research.
Teleoperation of a mobile robot using haptics [27] is a study of one such
haptics in remote systems where a mobile robot is operated remotely and
the operator is given force feedback according to the distance to obstacles.
Similarly haptics has invaded the field of bio engineering. Bethea et al [33]
have shown that the introduction of haptics in robot assisted surgery can
improve the surgeon’s precision during robot assisted knot tying. In the Vir-
tual Haptic Back project [36] researchers present a novel haptic system for
students to examine virtual human models for Palpatory Diagnostic Train-
ing using a 71 degrees of freedom branching serial chain model. In a review
of current research and future directions of mediated social touch, Haans
provided a comprehensive overview of various physiological, psychological,
and technological aspects of mediated social touch [73]. Early works such
as HandJive [65] and inTouch [36] focused on providing a sense of connect-
edness in remote communication through the sense of touch. The various
fields of application show the increasing importance of haptics as a research
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field.
Our focus, meanwhile, is in the area of haptic for human communica-
tion. MIT Media Lab’s inTouch [36] can be considered as one of the earliest
significant works of such haptic communication which provides a haptic
channel for interpersonal communication. One noteworthy point is that the
focus of this project is not to simulate the real physical forms of haptic ges-
tures in communication but rather to create a physical link for gestures and
movements. Using robotic physical avatars as the medium for haptic com-
munication the RobotPHONE [112] presented a comforting robotic user
interface that synchronizes each other’s motions and positions when con-
nected remotely. In separate locations, users have these connected shape
sharing robots. When the limbs or head of one robot is moved, the other
robot reproduces the movement in realtime, allowing the users to feel the
movement as a shared object, thus enabling haptic communication. Similar
to this concept, PlayPals [27] introduced wireless figurines that enable hap-
tic communication in a playful manner. This project is mainly aimed for
children and uses shape sharing doll-like robots to attain haptic communi-
cation. In Moving Pictures [118] the authors present a tangible multi-user
environment that enables and encourages the sharing and manipulation of
video content with others. All the works reviewed herepresent some general
way of remote haptic interaction. However, in the case of our work, we
are more oriented in providing a channel of communication where family
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members can communicate via touch.
At the same time, more systems have been developed for the purpose
of haptic emotional interaction. These devices are motivated by the idea
that touch is an important channel for communication and it can, among
other important functions, ease the feeling of social isolation. For instance,
the elderly and couples geographically apart from their loved ones could
use these devices for feeling communication. The ‘Hug over a distance’ [98]
project uses a koala teddy to sense a hug and send it wirelessly to an air
inflatable jacket to recreate a hugging feeling. The koala teddy has a PDA
embedded which the user touches to send a hug. The PDA on the inflat-
able jacket, upon receiving the hug, activates a serial controller to simulate
the hug. ’The Hug’ [69] senses stroking, squeezing and rubbing actions,
and connects to another similar remote device which translates the input
gestures into light, heat and tactile vibration. Similarly, TapTap [28] is a
wearable haptic system that allows nurturing human touch to be recorded,
broadcasted, and played back for emotional therapy. It uses tactile vibration
embedded in clothing accessories such as scarves to simulate human touch.
The Hug Shirt [47] has detachable pads containing sensors which senses
touch pressure, heart beat and warmth, and actuators which reproduces
them. It utilizes vibration actuators to generate the hug. These previous
works show attempts at systems for remote haptics in close relation to hug-
ging. However, most of these systems employ vibrations to provide a sense
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of a remote hug which does not correspond to the feeling of natural human
touch. However, for our system, we attempt to recreate a main property
of a hug, the pressure. Even though the ’Hug over a distance’ work closely
relates to our concept, there is not sufficient attention given to the pressure
level exerted by the inflated jacket. We stress on the importance of regen-
erating the hugging feeling with accurate pressure levels corresponding to
the input force exerted by the sender.
In [17], a portable deep pressure vest is designed for the use with autistic
children, providing them with a calming effect. The multiple air bladders
are inflated by air pump simultaneously, unlike our system which can inde-
pendently actuate the air pockets. The paper also did not provide design
guidelines on the specifications of the air bladders, and the placement of
the bladders. There is no study done to verify the effectiveness of the vest
on the users.
It is encouraging to note that these systems are effective to certain ex-
tents. While user studies conducted with these systems are relatively at the
early stages, most participants have generally found them to be useful and
pleasant. In our research, we aim to develop systems that also appeal to the
feeling communication. Our novel contribution is that we focus specifically
on the parent-child and human-pet relationships in the modern day fam-
ily. As detailed in Chapter 3 of this thesis, we researched and designed the
best method to implement remote touch systems for family communication.
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We aim to reproduce the hug sensation with accurate pressure levels corre-
sponding to the input force exerted by the sender on specific areas on the
body of the hug recipient‘s body. We also aim to provide full user studies to
investigate the effectiveness of our systems and to provide further guidelines
for future research.
2.3.2 Previous human-animal interaction system
Very little research has, until now, been done in the field of human-computer-
pet interaction. Most of the work in this field is in robot pets.For instance,
National Institute of Advanced Industrial Science and Technology(AIST)
has developed a robot pet called paro intended to be a therapeutic pet
for those who are not able to care for a live pet. Paro has five kinds of
sensors: tactile, light, auditiory, temperature, and posture sensors and can
learn to behave in ways that users prefer[9]. To some scientists, robots are
the answer to caring for aging societies in Japan and other nations where
the young are destined to be overwhelmed by an increasingly elderly popu-
lation. These advocates see robots serving not just as helpers (e.g. carrying
out simple chores and reminding patients to take their medication) but also
as companions, even if the machines can carry on only a semblance of a real
dialogue.
Then there is the Tamagotchi, a once very popular virtual pet. It is
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marketed as the original virtual reality pet[14]. It can be described briefly
as a tiny hand- held LCD video game that comes attached to a key chain
or bracelet. The objective of the game is to simulate the proper care and
maintenance of a virtual chicken, which is accomplished through performing
the digital analogy of certain parental responsibilities, including feeding,
playing games, scolding, medicating, and cleaning up after it. If it is taken
good care of, it will slowly grow bigger, healthier, and more beautiful every
day. However if it is neglected, the little creature may grow up to be mean or
ugly. Druin [54] also proposed a robot animal that tells stories for children.
Sekiguchi [111] presented a teddy bear robot as a robot user interface (RUI)
for inter- personal communication.
All the above related work did not use real animals, and instead they
used robot or virtual pets. It is easier to make such systems which interact
with virtual pets, rather the real animals. However, there are definite dif-
ferences and advantages in using interactive research technology with real
living animals, rather than robotic or virtual animals. Furthermore, as men-
tioned above, this research work can have wider impact where humans and
real animals work together in partnership, such as in remote rescue opera-
tions. This device is making a comeback now, and with added improvements
in the form of more ways for users to interact with it.
The growing importance of human-pet communication can also be seen
in actual products released in the market. An entertainment toy company
36
[15] has produced a Bowlingual dog language translator device. It dis-
plays some words on its LCD panel when the dog barks. As an another
example, cellular giant NTT DoCoMo Inc. launched pet-tracking location-
based services for I-mode subscribers in Japan, connecting pets wirelessly
to their owners [1]. This is a one-way position information interface (non-
interactive). However, to our knowledge, our system is the first system to
allow real-time remote interaction with free-moving live pets in a tangible
manner.
2.3.3 Previous works in haptic sensing and actuation
The following section presents a review of the related works in the area of
haptic sensing and actuation. The research covers a broader area, including
those that are outside the field of human communication. This review
presents an overview of the state of the art in haptic sensing and actuation,
and how they are applied in real systems. Our project draws initial ideas
of how we implement the touch sensing and actuation from these works.
Previous work in touch sensing
In analyzing the various works in haptics for human communication, we
realize the importance of accurately measuring the haptic properties such
as the force of a hug or touch. Here, we describe some works related to
how touch sensing is implemented. In 2004, Scott Hudson of CMU’s HCI
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Institute presented some works on LEDs as a touch sensor [78]. However
this system depends on the environment’s lighting conditions in which the
sensors are used. In other work related to remote haptic communication
the ’Hug Over a Distance’ [98] does not sense the force of a hug. It simply
transmits an “on or of” binary command.
Another study demonstrates the usage of capacitive sensors in clothes
and accessories enabling touch sensing [77]. The user’s touch characteristic
from each patting action on the doll is captured through these sensors and is
transmitted via the Internet. However, as we previously stressed, our system
is more concerned with the accurate pressure and position measurement on
the input and exertion on the output. Recently Pressure Profile Systems
[21] unveiled their capacitive sensing based tactile pressure sensors [19].
They developed a wearable system, which measures pressure at various
spots on a wrist, and were tested out on a professional athlete. There
are several other sensor technologies that have been used in tactile sensing
which accommodate these qualities. Force sensing resistor or FSR [4] and
Quantum Tunneling Composite or QTC [12] are two such methods. CMU’s
’Football Engineering’ group [20] uses these FSR sensors to accurately
measure the player’s force on the fingertips and palm when holding the
ball. In another related project ’The Huggable’ by MIT Media lab [116]
employs these QTC Sensors for touch sensing on the robot teddy bear. The
sensors are embedded behind the silicon gel skin of the teddy and measure
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force exponentially when the QTC material is deformed.
Apart from that, a multitouch three-dimensional touch-sensitive tablet
[91] is based on the technique of capacitance measurement between a fin-
ger tip and a metal plate. This is one of the earliest researches into the
application of capacitive sensing in HCI. In order to handle multiple inputs
at one time, the design of the hardware is based on the requirements of
fast scanning algorithm and on tradeoffs between software and hardware.
Capacitive touch sensitive tablet is used extensively now but were not so
ubiquitous during the early stages of this research.
A much more recent project, Smartskin [107] introduces a new sensor ar-
chitecture for making interactive surfaces that are sensitive to human hand.
This sensor recognizes multiple hand positions and shapes, and calculates
the distance between the hand and the surface by using capacitive sensing
and a mesh-shaped antenna. On the basis of this sensor technology, two
applications of HCI were built. Firstly, it was an interactive table that can
track multiple hand positions, which emulates a mouse-like interface. The
user could manipulate 2D graphical objects using their bare hands. Sec-
ondly, a gesture-recognition pad was developed, which is a more intelligent
interactive system as compared to the previous one.
In summary, we found the methods used in these projects, like capacitive
and QTC sensing methods to be highly suitable for our project, due to the
accuracy and flexibility of implementation. We proceeded to investigate
39
further on the suitable sensors in the next chapter.
Previous work in touch actuation
In this section, we provide a review of how previous works implemented
touch actuation. We pay particular attention to systems that are wearable
and placed closer to the human body.
Touch Sensitive [117] describes four different methods of haptic apparel
for massage on the move. In one prototype, thermally responsive metallic
wires embedded in the apparel caused it to shrink mechanically when a
current is passed through. In other prototypes, silicon buttons, vinyl inflat-
able air pockets and vinyl pockets filled with liquids that diffuse around a
wooden ball during a massage were used. In [72] the researchers used a neo-
prene vest with two arm straps to produce mediated touch. They too used
vibrtotactile actuators to enable haptic communication and have conducted
a study to evaluate the effects of mediated touch. In another project [94]
the authors again use vibrotactile units to develop a haptic feedback vest
to deliver haptic cues for immersive virtual environments through garments
worn on the body. In addition to this there have been many other examples
of wearable haptics used in many applications including tools for aviation
pilots [108], way point navigation systems [62], etc. However many of
these systems use vibrotactile actuation to enable haptics. As mentioned
above, even though some of the systems focused on remote haptic commu-
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nication, most of them focus on just the context of remote touch whereas
in our project we try to create effective and high fidelity touch commu-
nication systems, focusing on important properties of the touch and hug.
Even though most of the aforementioned works relate to remote touch, a
high number of them use the vibrotactile actuation as a method for output
haptics generation. Many of them justify this by claiming that it makes the
wearable system lighter and longer lasting in terms of the battery life.
However in our project, we employ novel techniques and technologies to
actuate touch as is described in chapter 3. In the system for human-pet
communication, we used light weight and robust vibrotactile actuators for
remote touch actuation. The use of this vibrotactile actuators is justified
in the next chapter, and also serves as an initial learning platform for us
to evolve into a higher fidelity touch actuation platform. For the human-
human communication system, we use an air actuating system embedded
in a jacket to exert exact amounts of pressure on the wearer simulating a
realistic hug.
We believe that our research opens up avenues for more precise commu-







The general methodology that guides the development of the systems fol-
lows the ‘Bootstrapping strategy’ espoused by Douglas Engelbart [81]. Ac-
cording to this strategy, in order to contribute to the collective knowledge
and push the boundary of innovation, we should develop new tools and
systems. We should use what we have developed to further improve their
effectiveness. Our development cycle follows a similar strategy. Initially,
we develop the prototypes based on preliminary knowledge and engineering
constraints. By evaluating these prototypes and through observations, we
learn and increase our collective knowledge about developing remote touch
communication systems. In the next iteration of the prototype, we incor-
porate our improved knowledge into the development. Using this method,
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not only do we invent new and improved systems, we also invent new ways
to evaluate the systems.
Most haptic systems employ an artificial language that has no natural
relationship between the spatial and temporal elements of the original infor-
mation and the display output. To decrease the training time and increase
the probability of correct interpretation, the language needs to be related to
the user’s task and have an intuitive interpretation.The systems presented
in this dissertation are designed to be as intuitive as possible. We do not
require the users to follow any guidelines or remember a fixed set of inter-
actions that they can perform. Input modules are directly coupled to the
output modules both in spatial and in temporal aspects. For example, a
single force sensor is mapped to a single actuation module. In this chapter,
we detail the development process of the different prototypes and provide
discussions that contribute to the body of knowledge.
3.1 Input touch sensing module
A number of different sensors were considered for use in the input touch
sensing module. This section gives a brief overview of the different types of
sensors considered, discusses why some of the sensors are not used, elabo-
rates on the sensors chosen, and details the different prototypes that were
developed.
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Table 3.1: Sensor comparison
Mechanically based sensors
The simplest form of touch sensor is one where the applied force is applied
to a conventional mechanical micro-switch to form a binary touch sensor.45
The force required to operate the switch is determined by its actuating char-
acteristics and any external constraints. Other approaches are based on a
mechanical movement activating a secondary device such as a potentiometer
or displacement transducer.
Capacitive Touch Technology
Capacitive sensing technology is the general term referring to the approach
to sense touch based on variable output capacitance value. In fact, there are
many different technologies that are categorized as capacitive sensing. One
method that is commonly used is the shunt method. At the heart of this
capacitive sensing system is a set of conductors which interact with electric
fields. The tissue of the human body is filled with conductive electrolytes
covered by a layer of skin, a lossy dielectric. It is the conductive property
of fingers that makes capacitive touch sensing possible [90]. In this system,
the two capacitive plates are not facing each other but away to the open
surface. One electrode of the capacitor is coupled with the oscillation signal
and the other electrode acts as a receiver.
As the human finger move closer to the PCB surface, the more flux line
are blocked causing a change in the output. However, this method only
enables the proximity detection but not finger pressure on the surface. [51]
Besides the shunt method, there is another approach that enables pres-
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sure to be sensed via this capacitive sensing. The principle is to fabricate
the capacitor that has a compressible dielectric layer. Hence, when force is
applied on the two surfaces, the distance decreases which in turn leads to
a change in capacitance value. This approach is available as a commercial
product from Pressure Profile Systems in which a two dimensional array of
pressure sensitive capacitor is fabricated into a thin material [104]. The
result obtained is a very precise pressure mapping of the material‘s surface
as shown in Figure 3.1 [105].
Figure 3.1: Tactile Array Capacitive Sensing
However this design requires a very complex and expensive data acqui-
sition system to measure and convert the output capacitance value on the
surface of the material. Hence it might not be suitable for a mobile and
lightweight system which is considered an embedded electronic device. In
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order to adopt this approach for our mobile remote haptic sensing commu-
nication system, a customized capacitance to digital analyzer system need
to be designed and built under very tight form factor constrain. This would
definitely increase the complexity of the system, and is not a time and cost
effective solution.
Capacitive based sensor for force sensing
A capacitive touch sensor relies on the applied force either changing the
distance between the plates or the effective surface area of the capacitor.
In such a sensor the two conductive plates of the sensor are separated by a
dielectric medium, which is also used as the elastomer to give the sensor its
force-to-capacitance characteristics.
To maximize the change in capacitance as force is applied, it is preferable
to use a high permittivity, dielectric in a coaxial capacitor design. In this
type of sensor, as the size is reduced to increase the spatial resolution,
the sensor‘s absolute capacitance decreases. There is an effective limit on
the resolution of a capacitive array. Figure 3.2 shows the cross section of
the capacitive touch transducer in which the movement of one set of the
capacitors’ plates is used to resolve the displacement and hence applied
force. The use of a highly dielectric polymer such as polyvinylidene fluoride
maximizes the change capacitance. From an application viewpoint, the
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coaxial design is better as its capacitance will give a greater increase for an
applied force than the parallel plate design.
However, this method is highly complex. Fabrication of such a cus-
tomized sensor is also very time consuming and costly. The combination of
mechanical and capacitive methods make it cumbersome to integrate on a
small mobile device.
Figure 3.2: Cross section of a capacitive touch transducer
High-performance capacitive sensors have some distinct advantages.
• Higher resolutions including subnanometer resolutions
• Not sensitive to material changes: Capacitive sensors respond equally
to all conductors
• Less expensive and much smaller than laser interferometers.
Capacitive sensors are not good choice in these conditions:
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• Dirty or wet environment (eddy-current sensors are ideal)
• Large gap between sensor and target is required (optical and laser are
better)
Resistive based sensors
The use of compliant materials that have a defined force-resistance char-
acteristics have received considerable attention in touch and tactile sensor
research. The basic principle of this type of sensor is the measurement of
the resistance of a conductive elastomer or foam between two points. The
majority of the sensors use an elastomer that consists of a carbon-doped
rubber.
The conductive elastomer or foam based sensor, while relatively simple
does suffer from a number of significant disadvantages. An elastomer has
a long nonlinear time constant. In addition the time constant of the elas-
tomer, when force is applied, is different from the time constant when the
applied force is removed. The force-resistance characteristic of elastomer
based sensors are highly nonlinear, requiring the use of signal processing
algorithms. Due to the cyclic application of forces experienced by a tactile
sensor, the resistive medium within the elastomer will migrate over a pe-
riod of time. Additionally, the elastomer will become permanently deformed
and fatigue leading to permanent deformation of the sensor. This will give
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the sensor a poor long-term stability and will require replacement after an
extended period of use.
Piezoelectric Technology
The definition of the piezoelectric effect can be briefly described as the pro-
duction of electricity from mechanical stress in certain crystalline materials
such as Quartz, Rochelle Salt and Tourmaline plus manufactured ceramics
such as Barium Titanate and Lead Zirconate Titanates (PZT) [96]. Piezo-
electric working principle is based on the changing of the material‘s crystal
structure spontaneous polarization under mechanical stress [114]. In terms
of dynamic characteristic, this effect only occurs when there is a change in
applied force. When applied force remains constant, piezoelectric voltage
output also remains at constant.
In terms of force sensor application that utilizes piezoelectric effect, the
most common approach is piezoelectric polymer sensor or in other words
piezo thin film [46].
Although this approach has very good form factor, in terms of flexibility
and small thickness of the film, its dynamic response of piezoelectric effect
makes it not suitable as a static force sensing module. As piezo film only
gives an output when there is a change in mechanical stress, It will not be
able to detect the situation when users assert a constant pressure on the
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interface device.
Force Sensing Resistor Technology
A force sensing resistor(FSR) is a piezoresistive conductive polymer, which
changes resistance in a predictable manner following the application of force
to its surface. The fundamental principle falls under that of the Piezoelectric
Technology. It is normally supplied as a polymer sheet with the sensing film
applied by screen printing. The sensing film consists of both electrically
conducting and non-conducting particles suspended in matrix. The particle
sizes are of the order of fraction of microns, and are formulated to reduce
the temperature dependence, improve mechanical properties and increase
surface durability. Applying a force to the surface of the sensing film causes
particles to touch the conducting electrodes, changing the resistance of the
film. Its force sensitivity is optimized for use in human touch control of
electronic devices. FSRs are not a load cell or strain gauge, though they
have similar properties. FSRs are not suitable for precision measurements
[61]. As with all resistive based sensors the force sensitive resistor requires




Flexiforce sensors are commercial products under the classification of force
sensing resistors. Flexiforce is different from a generic force sensing resistor,
as it operates within a specific force range and, has good precision and
reliability over that range. Furthermore, the behaviour of the sensor is
linear within the operational range.
This sensor is potentially useful due to its small size and suitability for
sensing human touch. We further investigate its suitability in detail, later
in the chapter.
Quantum Tunneling Composite(QTC) sensors
Quantum Tunneling Composite (QTC) is a new pressure sensitive polymer
composite material that is invented by David Lussey from Peratech Inc Ltd
in 1996. Its electrical behavior principle is based on quantum tunneling
effect which can be briefly described as the effect of a particle violates its
classical physic principle by penetrating or tunneling through a potential
barrier or impedance higher than the particles kinetic energy [64]. QTC
material comprises at least one substantially non-conductive polymer and
at least one electrically conductive filler and in the form of granules. The
material provides conduction when subjected to mechanical stress or elec-
trostatic charge but electrically insulating when quiescent [63]. In many
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commercial products the electrically conductive filler is Nickel particles since
this particles surface is spiky and can facilitate higher probability of quan-
tum tunneling activity to occur. [12].
The principle of operation of the QTC sensor is similar to the phe-
nomenon of quantum mechanics[12]. The variation of resistance with re-
spect to fits well with our design specification. One important difference
between using QTC and Flexiforce sensor is that the sensor assembly con-
sisting of PCB backing and interfacing circuitry has to be designed and
made. On the other hand, Flexiforce sensor comes in fixed packaging and
form factor. As a consequence, we can achieve more flexibility in design
but at the same time sensor accuracy, stability and consistency is harder to
achieve. In terms of cost, this approach is the most cost efficient since one
QTC sheet of size 25x5 cm cost less than US$10.
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3.2 Output touch actuation module
Haptics is enabled by actuators that apply forces to the skin for touch ac-
tuation or feedback. The actuator provides mechanical motion in response
to an electrical stimulus. Most early designs of haptic actuators use electro-
magnetic technologies such as vibratory motors with an offset mass, where
a central mass or output is moved by a magnetic field. The electromagnetic
motors typically operate at resonance and provide strong feedback, but have
limited range of sensations. Next generation actuator technologies are be-
ginning to emerge, offering a wider range of effects thanks to more rapid
response times. These haptic actuator technologies include Electroactive
Polymers, Piezoelectric, and Electrostatic surface actuation.
The following actuators below are considered for the implementation of
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Table 3.2: Actuator comparison
Vibration actuators
Vibration actuators are typically based on simple vibrating motor devices.
These are usually DC motors, which can be powered directly by batteries.
These motors can rotate at very high speeds (about 13,000 revolutions per
minute), and has a weight attached to the motor gear. The movement of
this weight causes a vibration feeling to things in contact with the motor,
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including human touch.
It is possible to control the frequency of vibration of the motor, by
varying the speed at which the motor rotates. Using this type of actuator
directly influences the Pacinian Corpuscles sensors located just beneath the
skin, and sensitive to tissue vibrations.
Vibrating DC motors have the advantage of being easy to use. Just as
with DC motor, it can be both voltage-controlled or current-controlled. By
varying the speed of the motor through these methods, we can have a wide
range of frequencies of vibration for the motor. Another advantage is that
vibrating motors are relatively small in size and lightweight, and therefore
suitable to be used for mobile applications. As the motors are small in size,
the power requirement is also small. These motors also have fast response
compared to other non-motor actuators. On the other hand, this type of
actuator would not be able to stimulate Ruffinis end-organs that respond to
continuous states of deformation, touch conditions and pressure signals. In
order to simulate different touch sensations, we need to generate different
types of sensations, such as pressure.
Muscle wire
Muscle wire is a metal strand of the Shape Memory Alloy TiNi. Muscle
wire, also known as memory wire or memory shape alloy is a titanium
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nickel alloy that returns to a preset shape at a preset temperature. The
wire has a ”programmed” temperature at which it has a ”programmed”
shape. When the wire cools, it goes back to a non-programmed shape. As
the wire is heated, it tries to return to its programmed shape. Hence, the
wire has two possible states. There is the cooled state (temperature) at
which the wire can be stretched, and the programmed state (temperature)
at which the wire returns to its programmed length [8]
Muscle Wires can be stretched by up to eight percent of their length
and will recover fully, but only for a few cycles. However when used in the
three to five percent range, Muscle Wires can run for millions of cycles with
very consistent and reliable performance.
A single Muscle Wire can exert an extremely high force for its small
mass. Compact, light and very strong actuators can be built by combining
many wires into a single device. The response time for Muscle is also very
fast, less than 2 seconds in general.
We obtained a muscle wire kit to investigate the suitability of using this
for actuating a haptic feeling. Tests were done on muscle wires to find out
their properties and the feasibility of using them for our project purposes.
The tests were done on three different kinds of muscle wires, namely Flexinol
50, Flexinol 100 and Flexinol 150. The number indicates their diameter size
in micrometer. From our tests, we realized that muscle wires are difficult
to control and they can only expand or shrink up to 5 percent.
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Figure 3.3: Muscle wire test setup
We realized that muscle wires is not easy to control at all as we have
to make sure that the muscle wires are not overstretched. In addition,
through experiments, the muscle wires achieved a 3 to 5 percent expansion
from the original length which is not good enough to produce a significant
force on human. Furthermore, embedding muscle wires into a jacket is a
very complex process which requires deep knowledge in clothes making.
Swelling polymer
Swelling gel also known as Superabsorbent Polymers (SAP), are free radi-
cal, cross-linked polymers able to absorb water at a multiple of several times
their own mass, forming a gel. Classified as hydrogels, these polymers ab-
sorb aqueous solutions through hydrogen bonding with water. SAPs ability
to absorb water is a factor of the ionic concentration of an aqueous solution.
In de-ionized and distilled water, SAP may absorb 500 times its weight, but
when put into a 0.9% saline solution, the absorbency drops to about 50
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times its weight.
Superabsorbent polymers are most commonly made from the polymer-
ization acrylic acid blended with sodium hydroxide in the presents of an
initiator to form a sodium salt polymer of polyacrylic acid. The total ab-
sorbency and swelling capacity are controlled by the type and degree of
cross-linking to the polymer. Low density cross-linked SAPs have higher
absorbent capacities and swell to a larger degree. These products also have
a softer and more cohesive type gel formation. High cross-link density poly-
mers exhibit lower absorbent capacity and swell. The gel strength is firmer
and can maintain particle shape even under modest pressure [89].
In order for the polymer to expand or grow, it requires some specially
treated solutions. The rate and the degree that the polymer expands are
also difficult to control. Once the gel expands, it takes a long time to
return to its original shape. In addition, it is difficult to contain liquid in a
wearable, and the weight of the liquid also causes problems.
Robotic Hands
Robotic hands are one of the best choices to reproduce a touch or a hug. As
robotic hands resemble human hands, robotic hands can perform tasks that
can only be carried out by human hands. In recent years, robotic hands
had already successfully executed complicated tasks such as playing piano
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and doing surgeries. However, the robotic hand is too expensive and time
consuming to build. Besides that, the algorithm to control the robotic hand
is very complicated. It is also too large for a mobile application like ours.
Air muscle
(a) relaxed (b) contracted
Figure 3.4: Air muscle
The Air Muscle [13], shown in figure 3.4a and 3.4b consists of a rubber
tube covered in tough plastic netting which shortens in a scissor action when
pulled out like a human muscle when inflated with compressed air at low
pressure.
Air Muscles can provide substantial pulling force for their small size;
they can exert force 400 times their weight. The largest of the standard
Air Muscles is 11 inches long, weights less than 3 ounces, and can lift 154
pounds!
Air Muscles could operate when twisted, bent around corners, or under
water. It even has a similar power profile to a human muscle: the force
61
exerted decreases as it contracts, just like the strength of your biceps is the
maximum when your arm is extended and decreases as your arm is bent.
The longer the length is, the higher the pull forces. However, the strain
at high pull force region is much smaller than at lower force region [13]
Like muscle wires, air muscles are usually integrated in a pulley mech-
anism. Muscle wires have good potential to be used to actuate hugging
and squeezing sensation on the human body. However, the current state of
the technology requires the use of large and heavy air compressor tanks to
provide pressurized air into the air muscle. This presents a limitation to
our light and mobile system. We do think that using air is a good way to
provide the actuation, and would later modify this idea to use air compart-
ments to create a push force onto the human body, instead of the pull force
which muscle wire uses. The difference is that by directly impacting the
force on the human body, we do not require high pressured air. In our case,
small micro air pumps are sufficient to provide the air into our air pockets.
DC and Servo Motor
The DC and servo motors are connected to straps which are wrapped around
a users body part. The straps are tightened when the motor pulls and
retracts one end of the strap, hence generating a haptic squeeze. DC and
servo motors are easy to use and controll when used with microcontrollers.
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The speed at which they run and amount of force they exert can be easily
varied and hence it would be easy to calibrate the system to produce a
realistic human-like haptic squeeze. However, they may produce a lot of
noise during operation and disrupt the user’s experience. More details of
this method is presented in the prototype development section.
Air actuator
The air actuators we have in mind for this prototype is rather similar to
the air muscle. It produces a haptic squeeze on the user using air pressure
as well. It consists of air pockets which inflate, pushing against the user’s
body. In order to replicate a hug, multiple air pockets will have to be used
in the wearable for the full system. However, instead of being controlled by
large air compression tanks, it will be controlled by air tubes, pumps and
vacuums. The air pressure within the pockets can hence be varied so that it
will exert different amount of force on the user. More details of this method
is presented in the prototype development section.
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3.3 Data communication module
The flow chart in Figure 3.5 describes the program logic for networking
between the input and output modules. Two programs are shown in the
figure, one residing on the input module and the other on the output mod-
ule. The program starts by prompting the remote user to enter the IP
address. Once the user has entered this, both programs will do all the rele-
vant handshaking procedures. For the input side, the handshaking is done
by setting up the serial ports while for the output side, handshaking is done
by setting up the Bluetooth port.






Table 3.3: Communication port settings
The output module acknowledges the address of the input module and
both modules are connected. Once connected, the input module will start
reading in touch data from the microcontroller at the input side via the
serial port. The input module then sends the touch data over to the output
module via the Internet. When the output module receives the information,
it processes the data and sends it to the microcomtroller in the wearable.
Changes are made in each of the prototypes to accommodate the kind of
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Figure 3.5: Data communication protocol
input and output modules used.
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3.4 Human-pet remote touch communication
system
We denote our human-pet remote touch communication system as Pet In-
ternet. Figure 3.6 shows the technical overview of the Pet Internet system.
It is a bi-directional remote communication system that allows the human
users to touch their pet through a pet doll interface. It also enables the
user to feel the presence of the pets through the pet doll movement which
tracks the movement of the real pet.
The Backyard System is where the real pet chicken is kept (left, Figure
3.6). It consists of a computer, with a web camera attached to it. The
web camera monitors a chicken house where the chicken lives and moves
about. The movement of the chicken is tracked by the camera, and data
is then sent to the Backyard computer. Also, the chicken wears a special
pet jacket with embedded wireless transceiver and vibrator motors. This
jacket receives touch data from the computer via Bluetooth. Whenever the
user touches the pet doll on the Office System, the pet jacket reproduces
the touch by activating the vibration motors corresponding to the spot it is
being touched.
The Office System is at a remote location from the real pet (right, Figure
3.6). The Office System consists of a computer with a pet doll sitting
on a mechanical positioning system. This mechanical positioning system
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moves the pet doll in the X, Y and rotational axes. It receives movement
tracking data from the Backyard System in real time, and moves the pet
doll accordingly. Therefore users are able to see the doll move in a similar
manner to the real pet.
Figure 3.6: The pet owner touches the doll with embedded touch sensors,
and the pet in the backyard feels the touch
In our system we focus the use on poultry as our pets. This is because
poultry are one of the worst treated animals in modern society, being mainly
used for meat and egg production in tiny cages and quite terrible conditions.
However, it has been scientifically proven that poultry have high levels of
both cognition and feelings. Therefore, there has been a recent trend of
promoting poultry welfare and also of keeping poultry as pets, especially
in the Asian society [22]. Poultry should have the same status as other
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pets such as cats and dogs because of their similar level of cognition and
feelings. It has been shown that chickens are easily capable of observational
learning [99]. They also have intelligent goal seeking and declarative mental
images (when looking for a goal object they have a definite mental image
of the object rather than following a set of rules to reach it) [66].
As they are cognitive and intelligent animals we should be concerned
about their welfare. In animal welfare it is not necessary to know exactly
what an animal is feeling, but the important thing is to know whether the
animal feels bad or feels good [55]. Study has been done on investigating
the major states of suffering in poultry (such as fear, frustration, pain,
and discomfort) [56]. However until recently little work has been done on
positive subjective feelings in poultry and other animals. However more and
more researchers are becoming interested in a systematic investigation of
pleasure in animals and poultry. It has been shown that poultry are animals
that experience pleasure [60]. Thus it is important to develop systems
that also promote poultry pleasure. We hope similar research can also be
extended to all maltreated domestic animals.
In the early stages of the research, we developed a method to provide a
tangible feeling of connection between the human and the remote poultry.
A feedback that we provide to the human is the feeling of the movement of
the poultry. Thus the chicken movement also provides a physical sensation
to the human.
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Hence, on the pet side, we attached two very small and light-weight
electrodes to the muscles on the pet’s thighs and transmit the sensed muscles
activity through the Internet to the Office PC. We provide the user with
special shoes containing a RF receiver, a microcontroller, two electrodes
and related drivers. The pet signal data is then transmitted to these shoes
to activate the electrodes attached to the user’s feet with an invigorating
signal related to the pet’s foot movement. After initial pilot studies, we
find that this feedback provides some form of assurance to the pet owner.
However, this method is not significant compared to recreating the actual
movement of the pet on the pet doll. Therefore in the final prototype, this
feature is removed.
3.4.1 Design considerations
In order to guide the development of the Pet Internet system, a set of design
specifications is required. It determines the functionalities and features of
the prototype systems. It is important to revise this design specification
in an iterative manner, based on feedback from users and other researchers
as new knowledge is obtained from every step of developing the prototype.
The design specification is also in accordance to the project objectives of
developing a system to enable pet owners to communicate with their pets
remotely by touch, to enhance the physical presence of the pets in the
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vicinity of their pet owners, and to address the emotional welfare for both
humans and pets. While the design process that we adhere to is not exactly
the same as a User Centered Design process, the users play a very significant
role in providing feedback to improve the prototypes. User Centered Design
espouses that the users first be consulted before even developing a prototype
of a concept. However, there is a school of thought that believes that for very
novel concepts which do not have any precedent, it is difficult for most users
to provide valuable suggestions as they may not have the power to imagine
what the end product will be like. Therefore, instead of starting with the
users, we proposed a set of design specifications based on the projects aims
and through discussions with other researchers in the research lab where we
worked at.
Input touch sensing module
The input touch sensing module is the interface where the humans send
touches and feel the presence of the pets. As one of the aims is to allow pet
owners to communicate with their pet remotely whenever and wherever they
are, this input module should be mobile and lightweight. The shape of the
input module should also resemble the pet to enable the pet owners to easily
form a mental model of the workings of the system. If we have a generic
form factor, the human user needs to memorize which areas of the input
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correspond to the body of the pet. However, if we have an interface in the
shape of the pet, we remove the need for this memorization. This makes the
system more intuitive for pet owners to use. As Norman [100] suggested,
a good interface design should suggests its affordances in a transparent
manner to the users, and correctly reflect the mental models that users will
have.
Due to the need for the sensors to fit into a custom shaped pet doll, or
any other customizable form factor, one of requirement for the touch sensor
is to be easily shaped and configured. An off-the-shelf sensor complete with
its own interfacing electronic device or with a fixed form factor is not an
optimal choice in this case. Due to the same reasoning, the sensor should
also be relatively flexible, or is not adversely affected by curved surfaces.
The custom shaped pet doll naturally possesses curved surfaces, and the
sensors placed either in the inner hollow body or outer body should work
robustly.
On a related point, the inputs on the touch sensing module should have a
one-to-one mapping to the output actuators on the body of the pet. Again,
this design is to allow for an intuitive understanding of the workings of the
system and promotes ease of use. The cognitive burden to understand and
memorize the way the input module works is removed.
From a technical perspective, the input touch sensing module should
be able to sense human touch at four distinct areas on the interface corre-
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sponding to the front, back and both sides of the pet body. The choice of
four sensors is partly due to the size limitation of the small, mobile input
module, and also to the desire to have a simple interface that is not confus-
ing for users. It should also be able to sense these areas simultaneously and
transmit this data in real time to the receiving end. While it is important
to sense the areas of touch correctly, the question of whether we need to
detect the amount of force provided by the touch arises. In considering
the different technologies for implementing the touch sensing module, we
considered both the ability to detect the areas of touch and the force of
the touch. However, as will be described later, the limitation of the size of
the output actuation module limits my options to only sensing the areas of
touch.
Another important consideration is the ability of the touch sensing mod-
ule to differentiate between a touch originating from the human body and
contact due to inanimate objects. Care should be taken to prevent false
touches which do not originate from the pet owners. False touches do not
reflect the intention of the owners to communicate with their pets and sends
confusing signals to the pets.
Finally, being mobile devices, the module should run on batteries, and
therefore needs to be low powered. It should also have wireless communi-
cation to transmit touch data.
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Output Touch Actuation Module
The output module should first and foremost reproduce a tactile sensation
on the body of the pet. As described in Chapter 2, the chicken is the choice
of our pet in this project. From the outset, it is determined that the output
touch actuation module should be in the form of a wearable interface. This
is to enable the actuators to have direct contact with the body of the pet. As
a consequence, the choice of actuators should be extremely lightweight and
not cumbersome, as the extra weight that a chicken can carry is extremely
limited.
Since there are four areas of input sensing, there should also be four
areas of touch actuation, corresponding to the inputs. These actuators
should also be able to work simultaneously upon receiving touch data from
the input. The implication of this is that the actuators should have a quick
response time, and be small in size so as not to interfere with the other
parts of the chicken body that is not touched.
The output module should be able to receive data wirelessly as wires
should not restrict the movement of the pet. The embedded circuit has to
work in relatively low power so as to provide a safe wearable interface to
the pet. As chickens tend to move rather dynamically and vigorously flap-
ping their wings at times, the circuit embedded onto the wearable interface
should be robust to pet movement, heat and humidity.
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3.4.2 Prototypes
This section describes the design decisions and implementation details of
the Pet Internet prototypes developed. In general, all the prototypes de-
veloped follow the same system architecture, where the two main modules
are the input touch sensing and output touch actuation modules. In the
initial prototype, the communication of data between these two modules
is done locally without networking. In later prototypes, the data commu-
nication module is developed to enable both input and output modules to
communicate through the Internet. The first prototype was developed using
the Flexiforce sensors for the input touch sensing module, and the actua-
tion is based on the vibrating DC motors. As will be explained, the later
prototypes are based on capacitive sensing for the input touch sensing mod-
ule. This is mainly due to the need for a simple design and a robust touch
detection interface.
3.4.2.1 Pet Internet version 1 : flexiforce-vibration prototype
The first prototype that is developed uses the Flexiforce sensors for imple-
menting the input touch sensing module. On the output module, vibrating
DC motors is used for simulating the touch sensation on the pet. The com-
munication of data is unidirectional, where the input touch sensing module
detects human touch, transmits this data via a local computer to the output
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touch actuation module which activates the corresponding vibration actua-
tors. This prototype was exhibited at the Singapore Science Center between
December 2006 and March 2007, as the Pet Internet exhibit. This prototype
demonstrated the possibility of remotely communicating with one’s pet via
touch.
3.4.2.1.1 Physical design and design considerations
The design requirements for the first prototype is deliberately kept sim-
ple and focused on proving the feasibility of allowing humans to communi-
cate with their pets via the sense of touch.
The main objectives are:
• Input module to detect and distinguish different areas of touch inde-
pendently and simultaneously
• Output module to simulate touch on different areas of the pet body
by controlling the actuators independently and simultaneously
• Develop a program to allow input module and output module to com-
municate via a local PC.
These objectives are for implementing the prototype with the most im-
portant features for remote touch sensing and actuation. Additional objec-
tives are specified in order to attempt to improve the prototype beyond its
basic functionality. Instead of simply being able to sense whether touch is
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present on the input module, it should also be able to register the force of
this touch. This provides a closer resemblance to the natural touch inter-
action. These objectives are:
• Input module to detect the varying levels of force on the individual
sensors
• Output module to generate varying levels of force on the body of the
pet according to the input forces detected
Input Module
According to our objectives for this prototype as stated in the preceding
section, the major goal for the input module is to be able to sense human
touch on different areas of the input interface. Each different sensing area
should detect varying levels of force independently and simultaneously. In-
put module should also be able to communicate with a device that connects
to the Internet in order to send data to the output module.
The specific requirements of the sub modules are summarize in Table
3.18.
Based on the survey of the various technologies and methods that could
be used for implementing the input touch sensing module, the piezo-resistive





Sense varying levels of human
touch force.
Multiple sensing channels which
work independently and simulta-
neously.
Simple to interface to microcon-
troller.
Operating voltage level close to
the microcontroller 0-5V level.
Microcontroller Real time data acquisition.
Analog to digital converter.




To indicate that touch is de-
tected. Optionally to indicate dif-
ferent levels of force.
Low power consumption.
Small size and light weight pre-
ferred.
Power supply Operating voltage and current to
be safe for humans and animals.
Table 3.4: Summary of requirements for input module for Pet Internet
version 1
Initially, a different idea was considered. A customized variable resistor-
force sensor could be developed. The conceptual design of this sensor is
shown in Figure 3.7. It can be made to be relatively small and embedded at
different areas underneath the input device. By applying varying pressure
on the top of the device, varying voltages can be sent as inputs to the
microcontroller for an analog to digital conversion. However, as the focus of
this project specifically and of this thesis in general is not the development
of a new type of touch sensor, such a customized sensor is beyond the scope
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Figure 3.7: Customized Variable resistor-force sensor
of this project in terms of time and financial cost.
The resistance of a flexiforce sensor is inversely proportional to applied
force. The sensor acts as a force-sensing resistor in an electrical circuit.
When the sensor is unloaded, its resistance is very high. When a force is
applied to the sensor, its resistance drops. The resistance can be read by
connecting a multimeter to the outer two pins, then applying a force on the
sensing area.
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Experiment to determine suitability of Flexiforce sensors
Before the actual prototype can be developed, there is still the issue of
determining what is the range of input force that should be sensed. We
conducted tests to determine the normal range of force exerted by a variety
of human subjects. We asked participants to apply pressure directly to the
sensor with one hand, using the appropriate amount of forces that would
symbolize most effectively touching a pet. This served to give a general
understanding of the rough order of magnitude of forces that the input
sensing would need to be able to handle. An experiment was conducted on
20 persons of ages between 5 and 35 with an even split of male and female
participants. From the experiment, the following results are obtained. We
determined that it is sufficient to sense equivalent weight ranging from 0.010
kg to about 1.6 kg for a human touch sensing system.
The force input-resistance out response for the flexiforce sensor is roughly
linear[3].
In our project we need to sense force ranging from 10grams (0.022lbs)
to about 1.6kg (3.525lbs). It is observed that the resistance of the sensors
changes very fast with a small increment in the applied force in our target
range. Hence the voltage response will consequently be changing very fast.
Theoretically, the force range of Flexiforce sensor is suitable for our use.
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There are a few reasons that Flexiforce sensors are used in this initial
prototype.
• able to sense varying levels of force
• conductance (1/resistance) varies linearly with force
• relatively low cost (less than US$100 for a pack of 8 sensors) and easily
available
• requires a simple interfacing circuitry to be used with microcontrollers
• operating voltage levels suitable for use with microcontrollers within
the range of 3.3V and 5V.
These are important considerations for quickly developing a working pro-
totype that could be improved upon. For example, if there is no linearity
between the input force and the conductance, either a hardware solution
would have to be added to make the signals linear, or a software algorithm
to map the non-linear data to linear one.
Output Module
In this first prototype, the major goal for the output module is to simu-
late the touch detected on the input module, on the pet body. This module
should also connect to an Internet gateway device to communicate with the
input module.
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The requirements for the output module are summarized in Table 3.8.
Sub module Requirements
Actuator Provide tactile actuation to the
pet.
Small and lightweight.
Can be controlled by the mi-
crocontroller in the TTL/CMOS
voltage level.
Microcontroller PWM module to vary actuation
level.
Serial UART module for data
communication.
Suitable voltage and current level
to control actuators.
Able to control multiple actua-
tors independently and simulta-
neously.
Table 3.5: Summary of requirements for output module of Pet Internet
version 1
For the output touch actuation mechanism, the vibrating DC motor is
chosen. By varying the current or voltage of the motor, we can control the
vibrating frequency and amplitude of the actuator. The following are the
reasons vibrating DC motors are chosen:
• simple to vary the frequency and amplitude by controlling the current
or voltage
• relatively small and low cost (US$1.50 for one motor)
• Low operating voltage suitable for use with microcontrollers
• Low power consuption suitable for mobile devices
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• fits with the placement and sensing method that is proposed
3.4.2.1.2 System Design
Figure 3.8: Actual prototypes for Pet Internet Version 1
Figure 3.8 shows the actual prototype of the input and ouput modules.
Input Module
Figure 3.9 shows the location on the input doll where the sensors are
placed. Eight sensors are embedded on the front side of the doll and sixteen
sensors are embedded on back of the doll.
In order to allow the user to visualize the variation of pressure applied
at the input side, we embedded small surface mount LEDs on the jacket
worn by the output rabbit. This is shown in Figure 3.9. The intensity of
the LEDs reflects the pressure applied at the input.
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Figure 3.9: Input module design for Pet Internet version 1
Output Module
The output module consists of LEDs and vibrating actuators. The LEDs
are fitted into a jacket worn by the rabbit. The LEDs vary its intensity to
reflect between a soft and hard pressure applied at the input. The vibra-
tion actuators are embedded at the position on the input rabbit that is
being touched. The vibration is controlled using pulse width modulation to
represent different levels of force sensed.
The output touch actuation module is embedded with vibrating actua-
tors. The positions of the actuators are indicated in the diagram above. The
input sensors are mapped one-one to the vibrating actuators. The actuators
are numbered according to the position on the input doll where the sensors
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Figure 3.10: Output module for Pet Internet version 1
are embedded. The corresponding actuator vibrates when force is detected
on the input sensor on the input doll. The frequency of the vibration of the
actuator varies to reflect the intensity of pressure applied at the input.
3.4.2.1.3 Hardware Architecture
System Operation Description
Figure 3.11: Pet Internet overview
Figures 3.11 and 3.12 describe the Pet Internet. At the input side, the
Flexiforce sensors are able to detect varying levels of touch force. Upon de-
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Figure 3.12: Block diagram of overall system Pet Internet Version 1
tection, the microcontroller at the input sends the touch data to the Internet
gateway device via Bluetooth. This gateway can be a PC, laptop or mobile
device with access to the Internet. The data is then transmitted to the
receiving device (also a PC, laptop or mobile device) via the Internet. The
data is then transferred from the receiving device to the circuitry embed-
ded in the pet jacket via Bluetooth. The microcontroller in the jacket then
decodes the data received. The decoded data then determines which vibrat-
ing motors are actuated, and for what time period. The buffer between the
microcontroller and the vibrating motors acts as a current limiting module
to ensure the microcontroller works correctly, as the motors tend to draw
large current. The vibrating motors draw current directly from the power
source, controlled by MOSFET transistors connected to the microcontroller
output pins.
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Input touch circuit design
We describe the force sensors placement and sensing method which in-
corporates the Flexiforce sensors. Figure 3.13 illustrates the method.
Figure 3.13: Placement and sensing method
In this method, each row of the array is attached to the input of an
analog multiplexer. The microcontroller (PIC) is used to generate a binary
count sequence. For example, each sensors (represented by the circles) from
the encircled row is connected to the input pins of an 8 input multiplexer.
At each manually generated count sequence, the multiplexer chip outputs
the voltage connected to its respective pins. The output voltage from the
multiplexer is connected to the analog pin of the PIC. The PIC converts
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the analog data to digital input. The resultant digital value is stored into
an array representing the rows and columns of the physical arrangement. A
negative feedback op-amp circuit is used.
We tested out the circuit using a CA747CE op-amp that has a no load
gain of 200,000 and discovered that the output was around 4.3V when the
sensors were not touched. The output decreased to a value of 1.98V when
the sensors were fully pressed. We also observed that the response was
relatively quick, which suits our initial specification. Another important
factor to consider is the allowable voltage limit that can be injected into the
analog channel of the microcontroller. The microcontroller can be injected
with a maximum of 5V at the analog channel. We decided to adopt this
sensor configuration for our prototype.
However, the output of the op amp circuit shown above saturates rela-
tively quick in response to the force detected. In view of this, we need to
refine the circuit configuration such that the output voltage response will
be more gradual with respect to the applied force.
The circuit is as shown in Figure 3.14.
Equation relating the voltage output from the op amplifier and the re-
sistance of the sensors:
V out = Vt × [Rf/((Rf +Rs))] (3.1)
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Figure 3.14: Flexiforce sensor input circuit
We tested this circuit configuration and obtained an output response which
is more suitable for our purpose. We also managed to extend the range of
output voltage acquired. This contributes to improving the fast saturation
problem.
The output voltage changes more gradually hence it allows easier sensing
and distinguishing several levels of touch force. The output voltage was also
observed to be more stable with higher Signal to Noise ratio than that we
obtained with our previous connection scheme.
Output touch circuit design
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Figure 3.15: Input Circuit of Pet Internet Version 1
Figure 3.16: Schematic diagram for microcontroller board
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To operate the chip, we built a regulated 5 volt source. A LM7805 5
volts voltage regulator IC is used to provide a regular 5 volts output from
a 9 volts to 12 volts power source. Sometimes the input supply line can
be noisy. To help smooth out this noise and get a better 5 volts output, a
capacitor was added to the circuit, going between the 5 volts output and
ground (GND) as shown in figure 3.16.
Other than the 5 volts requirement, the microchip also needs to have
an operating frequency of 20 MHz. A 20 MHz oscillator is connected to
the CLKIN pin of the chip. The VSS pins were grounded while the VDD
pins were tied to 5 volts as shown in figure 3.16. While making the first
version of the prototype, we found that the 2 pins 20 MHz oscillator could
not provide a stable clock pulses to the chip. Therefore, we used a 4 pins
20 MHz oscillator which is more stable as the chip has built-in capacitors
to smoothen the pulse.
We were using Ports A, B, D and E for our output ports while for
receiving and transmitting data, Pin 6 and 7 of Port C is used. This is the
reason why Port C was not used as an output port.
The LEDs board schematic diagram is shown in figure 3.17. Two rows
of LEDs are used to depict the position of the touch or hug as one row of
LEDs is not bright enough. Resistors are used to limit the current thought
the LEDs.
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Figure 3.17: Schematic diagram for LEDs board
Figure 3.18: Schematic diagram for vibration motors board for Pet Internet
Version 1
Figure 3.18 depicts the schematic diagram of the vibration motors cir-
cuit board. When there is a low current passing through the base of the
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transistor, the vibration motors will tap their power from the external power
source and vibrated.
Figure 3.19: Schematic diagram for 3.3 volt regulator
Figure 3.20: Schematic diagram for Bluetooth board
The Bluetooth module, Promi-ESD-02 maximum operating voltage is
3.3 volts. Therefore, a 3.3 volts voltage regulator circuit shown in figure
3.19 is used. A 3.3 volts regulator IC is used to provide a regular 3.3 volts
output from a 5 volts power source. Sometimes the power source may be
noisy. To help smooth out this noise and get a better 3.3 volts output, a
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capacitor is added to the circuit, going between the 3.3 volts output and
ground (GND) as shown in figure 3.19.
Since the microcontroller output voltage is 5 volts, a voltage divider is
used between the transmit pin of the microcontroller and the receive pin of
the Bluetooth to step down the output voltage to 3.3 volts. The transmit
pin of Promi-ESD-02 was connected to the receive pin of the microcontroller
as shown in figure 3.20. Before the Promi-ESD-02 chip can be used, there
must be some handshaking procedures between Promi-ESD-02 chip and the
microcontroller. The algorithm is discussed in the later section.
Figure 3.21: circuit board Pet Internet Version 1
Transmission of data from the input doll to the receiving computer is
done serially by the use of serial cable.
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Figure 3.22: Vibration Motors circuit board for Pet Internet Version 1
Figure 3.23: Bluetooth board for Pet Internet Version 1
Since the system operates on a daily basis when it is exhibited, we
decided to use the mains supply to power our system instead of the battery.
We used 9V DC power adapters. Similar choice is also made for the output
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systems.
Figures 3.21 to 3.23 depict the actual circuits made.
3.4.2.1.4 Software Architecture
Description of software algorithm on microcontroller for input
The software architecture implemented on the microcontroller, PIC16F877,
is described in Figure 3.24. The codes is programmed using C language
making use of the CCS PICC Compiler.
Figure 3.24: Input module software algorithm for Pet Internet Version 1
The initial plan is to develop a sensor that can detect ten levels of differ-
ent forces from the human touch. However, there are constraints presented
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at the output actuation, because the variations of frequency that we could
obtain from the vibrating DC motors does not naturally map to the effective
force or feeling on the body of the wearer. Hence we decided to simplify











Untouch < 1 > 51 C
Soft 1-3 51-153 B
Hard > 3 > 153 A
Table 3.6: Circuit Output Voltage
It will be ideal if the voltage output increases gradually with the applied
force (gradual slope instead of a steep slope) as this will enable us to detect
the voltage change easily. If the voltage changes too fast, it will be hard to
accommodate for several levels of touch.
Description of software algorithm on microcontroller for output
In order to control the strength of the motors and the LEDs, we used the
pulse width modulation (PWM) technique. For this prototype, it is impos-
sible to use the built in PWM function in the microcontroller since we are
controlling many pins with different PWM pulse concurrently. Therefore,
we have to implement software PWM.
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When the system is powered on, the microcontroller will first initialize
all the variables and interrupts. We are using the receive interrupt in the
microcontroller for this project. When there is any incoming data, the
microcontroller attends to the interrupt first. This is to ensure that no data
is loss in the middle of the process. All the incoming data will be stored in
the receive buffer first before it is processed.
The data structure for touchdata is given in Figure 3.26. The first
byte will indicate which port the data is for and the following 8 bytes will
indicate the output power level for each pin. A variable is used to store
all the pins from the same port that have that same output power level.
For example, if the first 9 bytes are XAABBAACB, then variable 1A will
be 11001100 and variable 1B will be 00110001. Character byte A indicates
the maximum pressure being applied to the body, while character byte B
indicates the intermediate pressure applied and character byte C indicates
that no pressure is applied.
For Pet Internet version 1, after a set of touchdata have been received
and processed, all the pins that have the same output power level will be
outputted with PWM of the same duty cycle. Variable 1A, 2A and 3A will
be outputted with the maximum power (100% duty cycle), whereas 1B, 2B
and 3B will be outputted with only 75% of the power (75% duty cycle).
The numbers 1,2 and 3 refers to the different ports used.
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Figure 3.25: Output module’s software algorithm for Pet Internet Version
1




All our PCBs are double sided. To minimize the noise, we ensured that
our ground lines were as thick as possible and encircled the board. We also
ensured that the 5V and 9V supply lines were thick. The clearance between
the lines needs to be carefully designed to avoid short circuit. All the signal
lines were drawn at the top layer while the ground and power lines were
drawn at the bottom. We avoided the use of any wire jumpers to eliminate
the build up of reactive power on the circuit board.
Input module
The first circuit configuration that is used with the Flexiforce sensor is
too sensitive for users to interact with. The voltage output saturates very
quickly. Hence it is not possible to program for several levels of touch force
as initially intended.
Another problem is the dimension of the sensors. The sensing area of the
sensor is very small but it has a long unwanted length. This portion, while
allowing some bending, is not totally flexible and causes different sensors to




The use of vibrating actuators produced good results with this proto-
type, due to its simplicity and compact size. However, we had difficulty in
creating perceptible differences between the different levels on the vibrating
motors. This is important in enriching the user’s experience of the system.
Also, there is a limit to the number of actuators we can use on a jacket. Too
many actuators would make the wiring connections more complex and hence
compromise on wearability. For the next prototype, we aim to improve the
robustness of the human-pet touch communication interface.
100
3.4.2.2 Pet Internet version 2 : capacitive sensing prototype
The first prototype presented a few problems. While on the input side
we could detect varying levels of force, the output of DC vibrating motors
presents a limitation in terms of varying levels of effective force. We realised
that while the frequency of vibration could be varied, the different frequen-
cies of vibration do not naturally translate to higher or lower effective force
on the skin. It is clear that in this instance, the choice is either to design
an output module that could effectively vary the output force, or simplify
the whole architecture to only detect touches at different positions. For
this prototype, while the method for output actuation of touch remains the
same using vibrating DC motors, the input touch detection utilizes capac-
itive sensing technique, and we significantly reduced the number of touch
sensors and actuators to fit with our target users, the poultry pet.
3.4.2.2.1 Physical Design and Design considerations
In determining the changes to be made to the previous prototype, we
take into consideration that the first prototype is meant to be an exhibition
prototype which is not be used by the target users, in this case the human
and the pet. As the motivation for our work is based on the poultry pet
and human users, we need to consider practical design solutions for these
target users. While we could design an output module that could change
the effective force exerted on the pets body, the technology involved is
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cumbersome and does not allow us to fit the wearable onto the body of
the poultry pet. For example, if we use inflatable air bags instead of the
vibrating DC motors to simulate different touch force, the module consists
not only of the physical air bags, but also the air pumps and embedded
circuits. At the time of the development of this prototype, we could not find
a small and lightweight air pump suitable for use with the pet chicken. Other
methods considered are also too cumbersome for our purpose. Therefore at
this stage the vibrating DC motor suits our objectives due to its small size
and lightweight.
Since we could not simulate different levels of force at the output mod-
ule, this presents a good opportunity to simplify the design of system ar-
chitecture. As mentioned, the use of Flexiforce sensors in a constrained
space presents physical limitations. We need a sensor which presents more
flexibility for use within a constrained space. Ideally, the form factor of
the sensor can be customized. The capacitive sensing technique is a suit-
able choice given the customizable form factor of its sensing electrodes. In
addition, recent developments in capacitive sensing chips made available
smaller sized microchips that simplify the supporting circuitry needed and
can be directly interfaced with microcontrollers. These chips also make
touch detection more robust, with less false detection, a common problem
with earlier capacitive sensing technique. It should be noted, though, that
capacitive sensing method could not detect varying levels of touch force in
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a direct manner. More complicated methods of design can be incorporated
to develop a capacitive touch sensor that can also detect pressure, but mod-
ule would be too cumbersome to be embedded onto a mobile pet wearable
system.
In redesigning our prototype, we are also redefining our objectives. We
have dropped the additional objectives and focused on the initial main ob-
jectives for this prototype.
The main objectives, restated here, are:
• Input module to detect and distinguish different areas of touch inde-
pendently and simultaneously
• Output module to simulate touch on different areas of the pet body
by controlling the actuators independently and simultaneously
• Develop a program to allow input module and output module to com-
municate via a local PC.
Input Module
As explained in the objectives, the input module for the Pet Internet
version 2 should detect and distinguish different areas of touch indepen-
dently and simultaneously. It is vital to have a robust and consistent touch
detection to avoid false touch.
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Detect different areas of touch.
Detect touches independently
and simultaneously.
Small and lightweight circuitry.
Customizable form factor to fit
with our input doll.
Simple to interface to microcon-
troller.
Suitable operating voltage level
close to microcontroller.
Microcontroller Real time data acquisition.
Analog to digital converter.





module to connect to Internet
gateway device.
Preferably works with serial
UART data.
Power supply Operating voltage and current to
be safe for humans and animals.
Power supplied by off-the-shelf
batteries.
Table 3.7: Summary of requirements for input module for Pet Internet
version 2
The input module mainly consists of the capacitive touch sensor IC chip,
electrodes, microcontroller and a Bluetooth module. We briefly describe the
technical considerations for choosing the capacitive sensing method to be
implemented on the input module.
First, in order to have a robust prototype, no circuit or sensor should
be exposed to the user. Therefore it is preferable for the components to be
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mounted inside a solid casing. From the technology review earlier in section
3.1, we notice that the capacitive touch method best fits this requirement.
In addition, the response must be fast. With the space constraint, capacitive
touch method is chosen. The thermal based infrared method requires sig-
nificant amount of data processing and filtering to obtain accurate results.
The computer vision method requires a camera and a powerful processor to
be implemented. Although capacitive touch method is susceptible to noisy
signals, it can be eliminated through proper sensors filter design. In addi-
tion, we can follow proper guidelines in the PCB design to further reduce
noise and crosstalk signals. We consider four areas of the body for touch
detection and actuation; they are the neck (front), tail (rear) and wings (left
and right). Thus, we require a four-channel capacitive touch sensor chip.
We enable users to touch on multiple areas on the input module indepen-
dently and simultaneously. Therefore, each channel of the capacitive touch
sensors should work independently. The Atmel Quantum QT240 is chosen
as it fits all the specifications in our design. The chip has four independent
charge-transfer touch channels. Each touch channel also gives individual
output.
Output Module
For this second version of the Pet Internet prototype, the objective of
the output module is to simulate touches detected by the input module on
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the pet body independently and simultaneously. Similar to the first version,
it should be able to connect to an Internet gateway device to communicate
with the input module. This should preferably be a wireless module.
The requirements for the output module are summarized in Table 3.8.
Sub module Requirement
Actuator Provide tactile actuation to the
pet.
Small and lightweight.
Can be controlled by the mi-
crocontroller in the TTL/CMOS
voltage level.
Microcontroller Serial UART module for data
communication.
Suitable voltage and current level
to control actuators.
Able to control multiple actua-




Wireless module to connect to
Internet gateway device.
Preferably works with serial
UART data.
Table 3.8: Summary of requirements for output module of Pet Internet
version 2
We briefly describe the technical considerations in making the design
choices for the output module. The technologies are compared earlier in
section 3.2. The vibration method suits this project the best. The imple-
mentation is simple yet fast actuating and small in size. It is perfect for
the prototype which emphasizes portability, mobility and robustness. The
method of using the air actuation is too cumbersome and complex for the
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small pet. It is complex because animals tend to move in sudden quick
response sometimes, and this creates a higher risk of failure for complex
circuits.
3.4.2.2.2 System Design
In order to enable physical remote touch, we use a physical doll as an
avatar for the pet. The doll movements are controlled by the computer
and it follows the pet motion in the backyard. Here the user has physical
interaction with the avatar. Also the audio-visual information of the pet
from the Backyard is received through the Internet. These are displayed to
the user on an LCD screen and speakers.
Figure 3.27 shows the Office System. As can be seen in this figure,
the user is touching the doll and at the same time he can see the pet in
the LCD screen. The doll follows the real pet motion in 2D by moving
on a mechanical positioning system. When he touches the doll, data is
transferred to the pet dress and vibrates one of the vibrotactile actuators
on the pet jacket according to the part of the doll which is being touched.
The physical touch mode contains two major parts which are described here:
The doll which detects the user’s touch and transfers it to the PC, and the
mechanical positioning system which controls the doll movements based on
the pet motion in the backyard.
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Figure 3.27: The pet owner touches the chicken pet via the pet doll avatar
Input module
In the office system, the pet is represented by a physical avatar in the
form of a pet doll. The doll consists of a touch-sensing board, a Bluetooth
module, a microcontroller and the doll. The aim of this device is to detect
the users touch on different parts of the body of the doll and to send this
data (touch event and touch position) to the output haptic pet jacket for
activating the corresponding vibrators on the jacket, and thus cause the real
pet to feel the touch in the same place as the human touching the doll. The
touch-sensing board consists of mainly four capacitive touch sensors and a
sensor chip Atmel Quantum QT240. The microcontroller and a Bluetooth
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module are included in the touch sensing board as well. All four of the
capacitive touch sensors are connected to the QT161 sensor chip. The sense
field of each sensor pad is tuned by changing the capacitance on the board,
so that it only responds to an object approximating the human hand, in our
context. The capacitive touch sensors are embedded inside the doll; thus it
is not noticeable to the user. The microcontroller sends a 5-bit information
to the Bluetooth module, where each bit corresponds to a sensor output.
The computer or mobile device receives the information and sends it to the
receiving computer through the Internet before reaching the haptic jacket
on the pet.
The touch-sensing board are shown in Figure 3.28. This board is em-
bedded on the inside body of the doll.
Figure 3.28: Touch sensing board for Pet Internet Version 2
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Output module
Mobile wearable computer pet jacket
We have also provided a special pet jacket for transferring the users
touch to the pet. Therefore the pet can feel whenever its owner touches the
pet doll. The main reason of designing a jacket for the pet is to make a
system that receives touch information from the Office System through the
Internet and then transfers it to the pet, so that the pet feels the human
touch.
Here we designed and implemented a jacket with embedded electronics
and hardware for the pet with vibration motors to simulate a stroking sen-
sation. These vibrotactile sensors give the pet a distributed touch sensation.
Also, note that multiple motors could be activated at one time, just like the
multi-point sensing of the capacitive touch sensors on the pet doll which is
located remotely on the user’s side in the office system. Figure 3.29 depicts
our pet (a chicken in this application) wearing the dress. Many tests on our
pet chicken showed that it did not make any problem or discomfort for the
pet to wear it.
The mobile wearable hardware dress consists of a Bluetooth receiver to
receive data from the Backyard System, a microcontroller to control the
vibration motors, and current drivers to supply the necessary current to the
vibrators. A consumer 9V battery is used to provide power for the whole
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Figure 3.29: Pet chicken wearing the mobile computer pet jacket
system. Figure 3.30 shows the hardware system and the pet dress. Here
we put five vibration motors on neck, back, left, right and breast of the pet.
The total weight of our dress with hardware and battery is just 127 grams.




To move the pet on the table we designed and implemented a mechanical
positioning system using two stepper motors for movements in X and Y
direction and also one stepper motor for the rotation of the doll. These
position data are calculated based on the real pet motion in the backyard
by computer vision tracking algorithm and then the tracking results which
are X, Y and rotation information are sent through the internet to the office.
Figure 3.31 depicts the hardware system of the mechanical positioning
table. It consists of X and Y axis structure, each driven by a stepping
motor. A third stepping motor is mounted on the carrier of the structure,
with the axis of rotation perpendicular to the table. These motors allow
the doll to imitate the 2D as well as rotational movements of the pet being
tracked, as depicted in Figure 3.31.
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Figure 3.32: Block Diagram of Module for Pet Internet Version 2
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Output Module
Figure 3.33: Block Diagram of Output Module for Pet Internet Version2
Input Touch Circuit Design
This circuit is used to capture which part of the doll is touched. In the
doll, there are four electrodes attached to the inner side of the doll. They
are the sensor pads. They are located at the front, rear, left wing and right
wing. When human fingers or palm physically touch the doll at the specific
part where the electrode is, a corresponding bit of data will be generated
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Figure 3.34: Input touch circuit design for Pet Internet Version 2
by this circuit and sent to backyard side, where this bit will be expressed
as a touch by the corresponding vibrating motor on the output side.
The main functional component here is the Atmel Quantum QT240. It
has four independent touch channels. The channel detects the charges that
are created from the capacitance variation when the pad or wire attached
to the channel is touched or even close to some other objects. As such, the
channel sensitivity is to be paid much attention.
The electrodes increase the sensitivity, whereas the doll body blocks
it from outside, thus the sensitivity is decreased. As a result, the best
sensitivity for detecting the physical touch is totally unexpected. However,
by connecting the external capacitors to the channel, the sensitivity can be
varied, hence fine-tuned.
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After many tests, the ceramic capacitor of 13nF is chosen as the asso-
ciated channel will detect touch only as the finger touches the doll body.
In the other words, the touch will be figured out until the finger physically
touches the doll.
The QT240 requires an input voltage of at least 3.9V but the maximum
input voltage for the Bluetooth module is 3.3V. In order to satisfy both
criteria, two voltage regulators, 5V and 3.3V are required. The voltage
divider method is considered, but it is not as power efficient as using two
voltage regulators.
Output Touch Circuit Design
The output touch circuit mainly consists of Darlington array, microcon-
troller, Bluetooth module and four vibrating motors.
The vibrating motor chosen is coin-shaped with a diameter of 10mm and
thickness of 2.7mm. It works with a voltage range of 2.7 to 3.3 V and has
a maximum vibrating frequency of 9000 rpm. Each vibrating motor has a
weight of 0.0227 kg. The maximum rated current for each motor is 90 mA.
The Bluetooth module used is the Parani ESD 200 from SENA. The
advantage of this module is its strength as a RS232 serial cable replacement.
It is quick and easy to connect this module to a Bluetooth device on other
devices, and connection drop seldom occurs. It works with 3.3V and has a
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rated current of 40mA. It also has a compact size of 18 x 20 x 11.7 (mm)
which makes it suitable to be embedded on the pet jacket.
As the output (IO) pins of the microcontroller have limited output cur-
rent (maximum of 25mA) and this current is not sufficient to drive vibration
motors which requires 0.1A each, transistors are needed to magnify the cur-
rent supply.
Figure 3.35: Output Module circuit design for Pet Internet Version 2




The input module communicates via Bluetooth with a personal comput-
ing device connected to a network, for instance a PC or a mobile phone. The
data is then sent through the network to the device connected at the other
end. This device then communicates with the output module embedded in
the pet jacket. Power supply
The input module circuit is designed to work with low voltage of 3.3V,
and consumes at maximum a relatively low power of 3.3V x 0.15A = 0.495W.
The working voltage of 3.3V is ideal for this circuit, because the Blue-
tooth module works at this voltage, and the microcontroller that is chosen
(PIC16LF76) is a low voltage version of the series.
For portability and mobility, a Lithium Polymer battery which is lightweight
and gives an output voltage of about 3.7V is used to power the input mod-
ule. This battery has a capacity of 1AH (1000mAH), which means it can
power our input module for approximately (1 / 0.15) = 6.67 hours assuming
continuous operation at peak current of 0.15A.
For the output module, there are four vibrating motors rated at 0.09A
current each and operating at a voltage of 3.3V. The digital portion of
the circuit which is separated from the vibrating motors by buffers, has
a maximum current of about 0.1A. The buffers used (ULN2003) are high
voltage, high current Darlington arrays each containing seven open collec-
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tor Darlington pairs with common emitters. Each channel rated at 0.5A.
Suppression diodes are included for inductive load driving and the inputs
are pinned opposite the outputs to simplify board layout. Assuming the
motors operates at 0.09A, four motors working concurrently require 0.36A.
Therefore the total current consumption at 3.3V is about 0.5A.
Similar to the input module, we use the Lithium Polymer battery of
3.7V rated at 1000mAH for the output module. Assuming continuous op-
eration of all four vibrating motors, with the Bluetooth and supporting
microcontroller circuit, the battery can last for about 2 hours.
3.4.2.2.4 Software Architecture
The core idea in this firmware design is encoding and decoding. To
avoid waste of bits in transmission, one bit controls one touch transmission
channel. All four channels outputs need to be encoded into an 8-bit ASCII
character for transmission. In actuation, it is decoded into original signal.
The program codes for the PIC microcontrollers are compiled using CCS C
Compiler and then the HEX files are flashed into the PIC microcontrollers
using PICkit 2.
Description of software on microcontroller for input
The algorithm for touch detection is shown in Figure 3.37. During the
initialization stage, it will command the Bluetooth module to search for
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Figure 3.37: Touch detection software flowchart for Pet Internet Version 2
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other Bluetooth device to be connected to. Once this is done, a Status
LED is turned on continuously to show that the Bluetooth connection is
working.
After the initialization stage, the program goes into a continuous loop
to detect the presence of touch. The presence of a human touch at either of
the capacitive sensing electrodes is detected as a HIGH signal on pins C0,
C1, C2 or C3. From the algorithm, any presence of touch on one or more
electrodes sets the corresponding touch buffer bits to high or low. Once the
program goes through a sequence of scanning for touch for all four sensors, it
compares the current touch buffer bits with the previous one. The program
only proceeds to send the important touch byte to the output if there is
change detected. This is done to prevent the program from hogging the
bandwidth of communication between input and output.
Description of software on microcontroller for output
Figure 3.38 shows the software algorithm for the output touch actuation
module. This algorithm is divided into three portions. The initialization
stage is similar to the touch input module, setting the data buffers, and
making the Bluetooth connection.
After this stage, it has a checking stage to detect if a byte of character
is received, followed by checking whether the byte is the first header byte of
the start of a new message. Once it verifies that the header byte is correct,
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Figure 3.38: Touch actuation software flowchart for Pet Internet Version 2
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the algorithm goes into another loop to receive the next character byte.
After checking that the message byte is received, it checks the individual
bits to see which of the 4 vibrating motors it should turn on.
Computer vision pet tracking
We perform the tracking of the pet in two dimensions to understand its
location and its orientation in the backyard. It is done by computer vision-
based tracking methods. We assume that there is no other moving object
in the room except our pet. Hence, we applied a background subtraction
algorithm to detect the movement of the pet in the backyard. The input
image for detection comes from the tracking camera mounted on the ceiling
which captures the whole backyard area. After background subtraction,
we calculated hue similarity between background pixels and new captured
image pixels to remove shadowed regions. The result is filtered to remove
the small regions in the output image. We also modified the background
in regions of the image which do not have large RGB disparity to have a
robust detection mechanism. As a result the background is also updated
in our algorithm in every frame. The result of the background subtraction
algorithm is the position of the centroid of the pet in pixel coordinates. The
centroid provides us with the two dimensional coordinate. We also need to
obtain the direction the pet is facing i.e. its orientation. Figure 3.39 shows
how we derive the orientation from centroid data. An important assumption
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made is that the pet is facing where it is moving. Using the tracking data
obtained in pixel coordinates, we map the position from image frame to
the corresponding position on the mechanical positioning table. The image
frame size is 640 pixels for the X axis and 480 pixels for the Y axis. The
positioning table has a range of 1000 steps for both X axis and Y axis. In
order to not distort the overall frame, we keep the ratio of Y:X axis of 0.75
for image frame. Therefore, we make use of 750 steps on Y axis and 1000
steps for X axis on positioning table. The following equations perform this
mapping in software:






(CurY + 80)× 1000
640
(3.3)
where CurXS and CurYS are in step coordinates while CurXandCurY
are in pixel coordinates for X and Y axis respectively.
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In determining the amount each motors need to rotate, we obtain the
difference between the current and previous coordinate. After obtaining the
results from (3.44), we perform the following:
StepX = CurXS − PreXS (3.4)
StepY = CurY S − PreY S (3.5)
where PreXS and PreYS are used to store the previous coordinate val-
ues, while StepX and StepY are the number of steps motor X and motor Y
needs to rotate respectively.
The calculation of orientation makes use of the values of StepX and
StepY, as shown below:





where θr is the angle in radians, and θs is the angle in steps.
As the rotational axis has 200 steps for one revolution, corresponds to





In designing the first prototype, the idea was to have as many sensors
embedded as possible, to increase the touch sensing resolution. While a
higher resolution touch sensing mechanism translates into a higher fidelity
touch channel (assuming the touch actuation can similarly be high resolu-
tion), we also consider the interaction from the user’s point of view. In our
design, we faced a lot of problems with placement of the physical wires, sen-
sors and actuators. It makes the whole system more complex than intended,
and the robustness suffers. The robustness here refers to the ability to con-
sistently capture the sensing. For this version of the prototype, we wanted
to rethink and simplify the design of the system. As a result, the simplified
design with less sensors, but focused on consistency in performance achieved
a better outcome.
Compared to using the Flexiforce sensors, we have more freedom in
designing the form factor of the input sensors to fit the external casing
of our input module. However, we also realised that though theoretically
we can make very small capacitive sensors, it requires expensive industrial
technology, and there is a limitation to the small size we can achieve with lab
PCB fabrication. This limitation determines how small our input module
can be.
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While there is no issue if we activate the touch sensors one at a time, we
noticed that the touch channels become problematic if we touch more than
one sensor simultaneously. Crosstalk occurs when the electrical field created
in one channel of capacitive touch sensor leaks to another channel. Most
of the commercial capacitive touch sensor is designed to have electrode
on PCB but not wired out from the PCB. The excessive charge transfer
between wired out electrodes is not offset by the sensors filter. Therefore,
entanglement of wires will cause cross talk to occur. In order to solve this
problem, we need to carefully consider the placement of the channel routes
on the PCB and also the physical wires that connects from the board to the
electrodes.
For capacitive sensors, we need to mount the sensor electrodes on a firm
surface, for example, glass or acrylic or plastic, which would form a suitable
dielectric material. This requirement becomes a constraint that we need to
work around when we design the input module casing. As a consequence,
we could not use soft materials such as a stuffed doll.
Output module
Similarly on the output side, a simplified design leads to less actuators
involved. We also changed from having to vary the frequency of vibration to
simply turning the motors on and off. From a mobile pet wearable device
point of view, this simplification is good for the physical space and size
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constraints. We can embed the circuits and actuators into a wearable that
fits the pet chicken.
PCB Design Considerations
In order to design a robust circuit for touch detection using the capaci-
tive sensing method, these guidelines are followed. The main problems for
capacitive sensing circuit are false touch detection and signal cross talk.
It is tempting to place a ground plane around electrodes and connecting
traces for noise reasons. However, this is actually counterproductive since
the extra capacitive loading on the electrodes will render keys less sensitive,
reducing the signal-to-noise ratio (SNR). Any ground pours or other adja-
cent traces should be as distant as possible from the electrode traces. It is
perfectly fine to have no ground plane as long as the power supply bypass
capacitor is located very close to the Vdd and Vss pins and the channel
component are close to the chip. The passive component associated with
each sensing channel (such as the Cs capacitors and associated resistors)
should be placed very near to the SNS pins of the IC to assist with EMC
compliance. If these parts are placed far from the chip, serious noise prob-
lems and instabilities can arise. A common mistake is to place the electrode
series resistor Rsns at the actual key location instead of at the chip. The
trace length from the chip to the passive parts is just as important as the
distance from the chip to the parts. Placing the parts close to the chip but
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having a long set of tracks to the chip negates the desired result, since long
tracks act as RF antennas. The resistor Rsns acts to reduce RF coupling
both in and out of the circuit, but it cannot perform this function on RF
signals coupled into the chip on a long stretch of PCB trace between the
chip and the resistor.
Trace Lengths and Widths
Multiple touch electrodes connected to any SNSnK can be used but it is
important to limit the amount of stray capacitance on the SNS terminals,
for example, by minimizing trace lengths and widths to allow for higher
gain without requiring higher values of Cs.
Separating Electrode Traces
Under heavy delta-Cx loading of one key, cross coupling to another keys
trace can cause the other key to trigger. Therefore, electrode traces from
adjacent keys should not be run close to each other over long runs in order
to minimize cross-coupling if large values of delta-Cx are expected, for ex-
ample when an electrode is directly touched. However, this is not a problem
when the electrodes are working through a plastic panel with normal touch
sensitivity.
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Intervening Ground Traces in between Electrode Traces
Adjacent sense traces might require intervening ground traces in order to
reduce capacitive cross bleed if high sensitivity is required or high values
of delta-Cx are anticipated (for example, from direct human touch to an
electrode connection). In normal touch applications behind plastic panels
this is almost never a problem regardless of how the electrodes are wired.
Higher values of Rsns will make crosstalk problems worse; try to keep Rsns
to 22K or less if possible. In general try to keep the QT240 close to the
electrodes and reduce the adjacency of the sense wiring to ground planes
and other signal traces; this will reduce the Cx load, reduce interference
effects, and increase signal gain. The one and only valid reason to run
ground near SNS traces is to provide crosstalk isolation between traces, and
then only on an as-needed basis.
Adjusting Sensitivity
Sensitivity can be altered to suit various applications and situations on
a channel-by-channel basis. The easiest and most direct way to impact
sensitivity is to alter the value of each Cs; more Cs yields higher sensitivity.
Each channel has its own Cs value and can therefore be independently
adjusted. Sensitivity can also be increased by using sensing electrodes with
larger areas, reducing panel thickness, or using a panel material with a
higher dielectric constant. On the contrary, sensitivity can be lowered by
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making the electrode smaller, making the electrode into a sparse mesh using
a high space-to-conductor ratio, or decreasing the Cs capacitors.
Acceptable Grade of Capacitor
The normal Cs range is 4.7nF to 47nF. Acceptable capacitor types for most
uses include plastic film (especially PPS film and polypropylene film) and
X7R ceramic. Lower grades than X7R are not advised; higher-K ceramics
have nonlinear dielectrics which induce instabilities.
Stable Power Supply
The QT240 works well with slow changes in Vdd, but can be seriously
affected by rapid voltage steps. If the supply is shared with another elec-
tronic system, care should be taken to assure that the supply is free of
digital spikes, sags, and surges which can cause adverse effects. The supply
is best locally regulated using almost any 3-terminal LDO device from 4.0V
to 5V. The PCB should if possible include a copper pour under and around
the IC, but not extensively under the SNS lines.
Connecting Unused SNS pins
Unused SNS pins should not be left open. They should have a small value
non-critical dummy Cs capacitor plus a 2.2K series-R connected to their
SNS pins to allow the internal circuit to continue to function properly. A
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nominal value of 1nF X7R ceramic will suffice. Unused channels should not
have sense traces or electrodes connected to them except for the required
option resistors, which must always be installed and connected to Vdd or
Vss.
Parasitic capacitance
In designing the PCB for the capacitive sensing, it is important to consider
the parasitic capacitance caused by the ground near the capacitive sensing
trace. When parasitic capacitance is increased, the sensitivity of the sensor
is reduced. Therefore, it is important that the traces connected to the
sensing pad is kept away from ground and re-routed the area beneath the
traces mentioned so that it is clear of other traces.
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3.4.3 Summary
In the design of the human-pet remote touch communication system, the
main objective is to demonstrate the feasibility of /a form of physical contact
remotely between human and pet. After drawing up the main aims, the
initial efforts are on searching for suitable methods to design the input
touch sensing and output touch actuation mechanism.
From the experience of developing the modules with different methods,
we realized that the designs of the input and output modules are highly
dependent on each other. For example, if the output actuators could not
simulate a wide range of touch forces, it is meaningless to have input sensors
which can sense a wide range of forces. The converse is also true, if we have
an input sensor that is low fidelity, the output sensors do not need to be
able to simulate a wide range of forces.
The human-pet remote touch communication system successfully demon-
strated that we could sense and reproduce touch through a remote commu-
nication channel. At this stage, we have not explored the difference between
a high fidelity touch channel, communicating many bits of data and a low
fidelity one, communicating perhaps a single bit of data. We have simply
showed that this is a possible platform to perpetuate further research into
the area of remote touch communication.
Also, we wish to further explore a higher fidelity touch communication
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platform. In the next project for human-human remote touch communi-
cation system, our aim is to develop a higher fidelity touch sensing and
actuation system that is able to capture varying levels of touch and hug
pressure on different. This system can also actuate the touch sensation on
different parts of the human body.
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3.5 Human-human remote touch communi-
cation system
To leverage on the affordances of a natural hug interaction, our system
employs an input device which is shaped in resemblance to the human body,
and an output device in the form of a wearable jacket. The force sensors
on the input device also have a one-to-one mapping with the output air
actuated pockets on the jacket. The purpose of this is to allow users to
understand the operation of the system intuitively and transparently.
In the design of the system, we strive to match the input force detected
to the output pressure exerted on the body of the user, thus minimizing
the mystery of how the blackbox works to the users. For example, when
users squeeze the top left portion of the front body of the input device and
the bottom portion of the back to level 3 and 5 on the force scale that we
defined, the user wearing the jacket will feel the hug pressure on his top left
chest area and bottom portion of his back at a similar force. This sensing
and actuation is done in real time and simultaneously (taking note of the
inherent system and communication delay). We believe that this will enable
the users to understand the workings of the system easily. This can be ad-
vantageous, as traditionally, humans find tools that are transparent in their
operation intuitive and easy to use. We have designed and implemented the
remote human-human touch communication system, Huggy Pajama with a
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number of features to make the hugging communication between parents
and children more meaningful. The system is able to detect the different
hug areas and the force of the hug as input, and transmitting this data via
the Internet and reproducing the force at the receiving end. The system
consists of several electronic hardware modules for each feature.
• Input hug sensing module is used to sense the hug force and areas of
hug by the hug giver. The force variation is sensed by this module,
digitized, and transmitted via the Internet to the output module.
• For accurate reproduction of the hug, the input system needs to cap-
ture precise and high fidelity force data of the human hug.
• Output hug actuation module is used to reproduce the hug force and
areas of actuation according to the received data from the input mod-
ule. This module consists of a closed loop air pressure pneumatic
system.
The overall Huggy Pajama system shown in figure 3.40 is a wearable
remote hugging jacket which includes the two modules mentioned above.
An overall techical block diagram of the system is shown in Figure 3.41. In
addition, thermally controlled color changing fabric displays are attached
to enable expressive communication. This module has since been developed
into another research project. More details can be found from Appendix
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Figure 3.40: Huggy Pajama system overview
C. The system is connected via the Internet to reproduce real-time hug






















Figure 3.41: Overall block diagram showing different modules of system
This system presents the flexibility for either one-way or two-way feel-
ing communication between the sender and the receiver. For example, the
sender (parent) sends a hug to their child (receiver) and if parents are at
work in a business meeting, it might not be suitable for them to put on the
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pajama. They can easily hug their child by using only the input device.
However in the case of being in office, hotel, or airport, the parent could
wear the pajama and have two-way hugging communication with the child.
3.5.1 Design considerations
As we attempt to develop the Huggy Pajama, a system for remote haptic
communication between parent and child, our aim is to improve the quality
of the touch sensing and actuation compared to the Pet Internet system. A
general way to achieve this is to improve the fidelity of the touch sensing
and actuation. In other words, instead of having just the ability to sense the
presence of touch in a single bit on-off manner, we would like to develop a
system that can allow a natural way of interacting between humans. For the
Huggy Pajama system, we specifically focus on allowing parents and chil-
dren to communicate by hugging each other. The main interaction method
is to hug or give a haptic squeeze feeling to someone remotely.
In a manner similar to the development of the Pet Internet system,
Huggy Pajama is designed by firstly developing a set of specifications in
accordance to the project objectives. As mentioned, Huggy Pajama aims
to demonstrate the feasibility of a system for remote family communication
by touch. Another aim is to investigate whether this way of communicating
is potentially beneficial for human communication in general, and family
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communication in specific.
From this set of design specifications, prototypes are developed and im-
proved iteratively. At different levels of the development, users’ feedback
is gathered and suitable suggestions are incorporated into later prototypes.
Through in-depth discussions, we can sort out quality suggestions which
prove to be very useful in the designing process of Huggy Pajama.
From a technical perspective, we also designed a modular system, where
singular modules are developed and tested for its functionality, before inte-
grating with the other modules. For example, we started by developing a
single actuator module that works well with the sensing module. Once this
is proven to work, the next task is to integrate multiple actuators to work
concurrently.
Also, at different stages of development, we tend to focus on different
priorities. Early prototypes were designed for functionality, and not so
much on aesthetics and usability. As we developed later versions of the
prototype, we incorporate better ways to design for aesthetics and usability,
simplifying earlier cumbersome models. Incorporating aesthetics to design,
as we discovered, is not purely about the form of the system. Elegant and
simple designs usually lead to more robust systems due to less complexity
and therefore possible errors.
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Input touch sensing module
Our input touch sensing module should be able to sense varying levels of
force accurately. This is important as the focus of our touch communication
is on replicating the pressure from touch. For the Pet Internet system,
we only sense the presence of touch at the different areas of the module.
This is due to the difficulty in directly getting a response from the pet to
compare the differences in levels of force. In the human communication
system, our intention is to be able to simulate different forces from the
touch, and determine from user study the participants perception of the
forces. From a usability perspective, it is important to create a meaningful
mapping between the input and output modules. The reason for this is to
reduce the cognitive load of the users. For example, if we have a complex
coded mapping between input and output, users will need to consciously
remember which input is results in which actuation. This places a cognitive
burden on the users and reduces the ease of use. Therefore in our case, we
prefer a one-one direct mapping between the input and the output modules.
On a related feature, we should also design the form factor of the input
device to have a slight resemblance to the shape of a human body. This
allows users to easily recognize the mapping between the input module and
the body of the receiver. On the other hand, if we have a complicated
shape of the input device which does not in any way resemble the shape of
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a human, users will have difficulty figuring out where and how to touch. We
should also tread with caution with respect to the resemblance to human.
Too much resemblance might cause negative emotions in users according to
the Uncanny Valley Theory [16].
In designing the input interface for the pet doll, we considered various
methods to deliver a satisfactory experience to the user (pet owners). One
of the method is to create a doll which has close correspondence with the
actual pet (with skin surface that looks and feels like the real pet). Another
method is to design a cute interface, which projects the feeling of warmth
and empathy. It is not necessary, and sometimes undesirable, to have a non-
living interface closely resemble the actual living thing. The importance and
methodology for designing cute interfaces for interactive system has been
previously shown [106]. Similarly, our pet doll is designed to have a cute
interface, and resembles the pet chicken in a cute manner.
Since we need to design the input module with a shape similar to the
human body, we will need input sensors which are customizable in size and
shape. The sensors also will need to be flexible and minimally affected by
curved surfaces. We will incorporate curved surfaces in the design of the
form factor to resemble curvatures on the human body.
The input device should be designed to be mobile for users to carry while
on the move. This translates to a requirement for the device to be small in
size and lightweight. Our aim is to design the device to be small enough to
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be carried like a mobile phone accessory, and not heavier than an average
mobile phone.
In order to be effectively mobile and useful for people on the move, the
device has to have low battery drain. A device which lasts about 1 hour
or less with continuous operation is thought be to unsuitable as a mobile
device. With a larger battery, the device will be able to last longer, but we
need to consider the trade off between operation time, and weight of the
device.
The input touch sensing module should communicate wirelessly with an
Internet gateway device. A wired connection to a mobile phone for example,
will be too cumbersome and restricts users’ movement and interaction with
the device.
Output touch actuation module
As mentioned previously, the focus of Huggy Pajama is on replicating
the pressure of a touch for remote communication. We acknowledge that
human touch consists of other properties such as heat and texture. However,
in this project, the pressure on the body from the force of a touch is the
main aspect that we attempt to sense and actuate remotely. Also, the
main interactions that we aim to provide are the ability to hug and give a
haptic squeeze to someone remotely. Therefore for the remote human touch
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communication system, it is required that we are able to control a range of
force to be effected on the human body.
It is also important for this range of force to be suitable and safe for
human. If the range of force that the actuators could produce is too low,
users might not be able to feel the haptic sensation, or the pressure created
might not trigger a link to the hug interaction. On the other hand, the
range of force is too high, users might feel discomfort or even pain at the
extreme. The actuators need to be able to generate force at the range that
is suitable for the purpose of recreating the pressure from a human touch
or hug.
One group of target users for the Huggy Pajama system consists of
parent and child. Therefore we need to cater to both the adult parent with
a bigger skin area, and the child who is smaller. As a consequence, the size
of the contact area of the actuator needs to be easily customized to different
users. If the minimum size of the contact area of the actuator is larger than
our requirement, it has the effect of reducing the spatial resolution of the
actuation module. It also means that we cannot perform a spatial one-one
mapping between the input and the output directly. Some portions of the
output area have to be overlapped.
In order to produce a low distortion system between the input and out-
put modules, it is best that there is a linear mapping between the input
and the output signals. The requirement for the output module is for it
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to have a rather linear output based on the input given. This linearity be-
tween input and output makes our system controllable, and easier to match
between human input and the actuated force.
As the output form factor is in the form of a wearable, the device is
expected to be worn on some parts of the body. As such, the issues of
robustness and comfort arise. Wearable electronics have to be robust to
constant movements of the user. Besides that, the embedded circuits and
wires should not be obtrusive to users and create discomfort.
As our system is intended to be a mobile system, the output module
should also be light weight. As a comparison, our system should not be
heavier than an average laptop, which is about 2.5kg.
Similar to the input module, the output module should also have low
battery drain for it to be effectively mobile. We also have to consider the
trade off between a higher capacity battery and the weight that it adds to
the system.
In the design of any engineering systems, it is natural that the engi-
neers prioritize certain aspects of the design. For example, engineers could
prioritize for cost savings, power management, functionality or aesthetics.










3.5.2.1 Huggy Pajama version 1: flexiforce servo-motor armband
The initial prototype for the human-human remote touch communication
system consists of the input touch sensing module and the output armband
actuation module. QTC material is used to implement the force sensors on
the input module. The output module is in the form of an armband and
has a servo motor winding a piece of fabric on the armband.
The input module is an acrylic case that is designed to enclose a mobile
phone. The user holds the mobile phone in a normal way and provides a
squeeze to the sides of the phone. Changes in force level are detected by the
embedded microcontroller. An application in users mobile phone then sends
the data packets to the other mobile phone through the Internet. When the
armband wearers mobile phone receives the data packet, the input force
profile is reproduced via the armband which is powered by the servo motor.
The microcontroller circuit embedded in the armband controls the servo
motor to exert a net force on the arm by winding the armband fabric.
This system provides a bi-directional touch communication. Both users
can have the input and output modules, and can therefore give and receive
haptic squeezes on the arm.
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3.5.2.1.1 Physical design and design considerations
The idea of this initial prototype is to develop a single module which can
provide a controlled haptic squeeze on humans. Before we decide to develop
a full body suit which can be used to exert forces on different parts of the
body, we need to investigate suitable actuation technology which can:
• give effective haptic sensation on the human user
• be controlled accurately and consistently
• be easily extended to multiple modules
Therefore, by determining the effectiveness of this initial prototype, it will
provide guidelines for us to develop the full body suit.
The main objectives are:
• to develop the input module to detect haptic squeezes
• to develop the output module to simulate haptic squeezes on the arm
• to connect the input and output modules wirelessly so that the input
module can be used to control the output module
Input Module
Ideally, the input module should detect varying levels of force within
the range of the human touch force. For the initial prototype, we aim to
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develop an input module that is able to sense at least 3 levels of pressure,
which are soft, medium and hard, consistently. As the input module is
designed for the human touch, the force requirement will be based on human
hands capability. According to a study from University of Wisconsin, the
maximum human hand grip force at handle diameter of 7.62cm is about
179.3N [31].
In addition, as the input module is expected to be portable, the device
must be as small as possible and as low powered as possible.
Output Module
The form factor of this initial output module is an armband attached
to the upper arm of the user. The output module should in the ideal case
reproduce the exact same force on the user’s arm, as the force applied by
the person giving the touch. The output generated by the armband out-
put module is perceived directly by users. Thus, we must first understand
human perception of touch force applied to the arm. For this purpose an
experiment to find humans‘ perception of force on their arm is conducted.
The force rise time or the speed to reach the target force level may
influence the human perception on squeezing force. Thus, by knowing the
desired levels of squeezing, we conduct another experiment varying the rise
time of the target force level to determine how rise time influences humans
perceptions of force on their arm.
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With the force and speed requirement, the motor specification require-
ment, especially the speed and torque, can then be found.
Human Perception of Arm Touch Force Experiment
This experiment is conducted to obtain human perception on three levels
of squeezing force, namely soft, medium and hard.
The experiment setup consists of a belt like device with an approximate
width of 7 cm to simulate mean hand width. This belt is attached to a spring
scale. Figure 3.42 shows the human arm placed within the circumference
of the belt and when the winding-up process is resisted, there force level
is shown on the spring scale. The experiment is conducted by varying the
squeeze force applied in a random order. Subjects are then asked whether
the level of force that are applied correspond to soft, medium or hard in
their opinion.
Figure 3.42: Perception of Arm Squeezing Force Experiment in Process
The results of the experiment are shown in Table 3.9 and Figure
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Soft Medium Hard Soft Medium Hard
1 36 M 25.0 14.7 19.6 27.0 1.50 2.00 2.75
2 28 M 26.5 9.8 17.2 24.5 1.00 1.75 2.50
3 22 M 21.5 17.2 19.6 29.4 1.75 2.00 3.00
4 24 M 30.0 17.2 22.1 27.0 1.75 2.25 2.75
5 24 M 35.5 19.6 24.5 31.9 2.00 2.50 3.25
6 24 M 25.0 14.7 19.6 27.0 1.50 2.00 2.75
7 27 M 27.5 12.3 19.6 27.0 1.25 2.00 2.75
8 27 M 28.0 14.7 19.6 24.5 1.50 2.00 2.50
9 25 M 27.0 14.7 19.6 27.0 1.50 2.00 2.75
10 27 M 22.0 12.3 19.6 24.5 1.25 2.00 2.50
11 25 M 27.0 14.7 19.6 24.5 1.50 2.00 2.50
12 22 F 21.0 12.3 17.2 24.5 1.25 1.75 2.50
13 26 F 26.5 9.8 14.7 22.1 1.00 1.50 2.25
14 23 F 21.5 9.8 14.7 17.2 1.00 1.50 1.75
15 25 F 20.5 14.7 19.6 24.5 1.50 2.00 2.50
Mean 25.67 25.63 13.88 19.11 25.48 1.42 1.95 2.60
Std Dev 3.39 4.02 2.88 2.48 3.31 0.29 0.25 0.34
Table 3.9: Human Perception of Arm Squeezing Force Experiment Subject
Figure 3.43: Results of experiment
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We calculated the mean and standard deviation of the result above and
summarized in Table 3.9. It is also important to tabulate the mean of the
arm size of participants, as this affects the design of our armband.
Human Perception of Arm Squeezing Speed Experiment
Another experiment is conducted based on the similar force range ob-
tained from the previous experiment. In order to determine the speed spec-
ification of the servo motor to be used for the output module, we need
to know how the speed of applying that force to the user influences the
perception of force.
In this experiment, different force levels are applied on the user’s arm in
a random set of sequence. Given a force level, we also apply different rise
time to the targeted force.
Each user experiences four targeted force level and rise time combi-
nation, representing each of the columns is then generated an applied to
subjects. Subjects should tell their perception of force to us.
In order to be able to quantify the rise time, we apply force to subjects
by controlling a DC motor. The DC motor is a Maxon Motor and it is
controlled by using EPOS 24-5 Controller [7]
We performed a two-way ANOVA on the data of the experiment. For de-
tailed experimental data, please refer to appendix A. I The force (range:1.5kg-
3.0kg) and rise time (range: 0.8s-1.4s) are treated as the two variables and
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the 8 participants are treated as 8 repetitions of the experiment. We ob-
tained the mean values, P= 0 (force) , 0.7414 (rise time), 0.7612 (interaction
of force with rise time).
The result is interpreted that the different force levels (1.5-3.0 kg) makes
a significant difference of subjects evaluation, while rise time in the range of
0.8-1.4 s does not. There is also no significant differences in the interaction
between the force and rise time. In other words, only the force matters to
subjects evaluations.
For our armband design, the result suggests that we only need to vary
forces in the range of (1.5-3.0kg) as long as the rise time in range of 0.8-1.4s.
Servo motor requirement
From the experimental results, we determined the range of forces and
corresponding rise times that we require for haptic perception by users in
the form of a grip on the upper arm. These requirements are then translated
to the servo motor specifications. In order to select a suitable servo motor,
we have to specify two main features:
• torque
• speed
In our experiment setting, the maximum angular distance when the system
is fully wound up is 31000 qc (qc is a unit of angular distance). According
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to the servo motor datasheet, one revolution of the motor is comprises of
88064 qc. The motor in the experiment rotates a 23mm diameter shaft.
Maximum rotational distance = 31000÷ 88064 = 0.352revolution (3.8)
Maximum linear distance = −0.352× 23 = 25.434mm (3.9)
The minimum speed the motor is running at is 23 rpm.
Therefore,
Minimum linear speed = 23× 23÷ 60 = 27.698mm/s (3.10)
The servo motor should be able to generate at least about 40 N of force
with a 23mm shaft. The reason we need 40 N of force instead of 30 N
( 3.0 kg) is because in designing mechanical systems, it is prudent to design
certain redundancies to ensure that the system could handle over loading
and do not break down at its operational load.
Power of motor = force×distance÷time = 40×27.698 = 1.108W (3.11)
Therefore,
Motor torque = 40× 23÷ 2 = 0.46Nm (3.12)
The minimum linear speed and motor torque form the main requirements
for our servo motor.
The requirements for the motor needed to provide the necessary haptic
squeeze is summarized in Table 3.10.
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Minimum Linear Speed 27.698 mm/s
Minimum Torque 0.46 Nm
Minimum Power 1.108 W
Maximum Linear Distance 25.434 mm
Table 3.10: Motor specifications
We selected the Hitec Servo Motor HS-7940TH, which fulfils the spec-
ifications that are required. Please refer to Appendix B for the full servo
motor specifications. The motor has a much higher torque and speed re-
quired. In the design process, it is practical to overrate the components
used so as to increase flexibility and allow further improvement.
3.5.2.1.2 System design
In this section, we describe the way the input and output modules are
designed. The actual prototypes of the input and output modules are shown
in Figure 3.44. The output module is attached to the upper arm, and the
input module is embedded as a casing for the mobile phone.
Input Module
The input module (Figure 3.45) is designed as a mobile phone casing,
where the force sensors are mounted on the side of the phone. The casing
is made of acrylic pieces joined together, and precisely cut into the required
shape using a laser cutter.
The force sensors are attached to the sides of the mobile device. Changes
in force level are detected by the main circuit. The main circuit with mi-
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Figure 3.44: Huggy Pajama Version 1 system overview
Figure 3.45: Huggy Pajama Version 1 Input Module
crocontroller then encodes the signal and then data is transmitted to the
phone serially via Bluetooth.
Output Module
The output module (figure 3.46) is designed as an armband attached
to the upper arm of the human user. The servo motor directly drives a
shaft. A piece of fabric is attached to the shaft. This piece of fabric is also
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wrapped around the user’s arm and keeps the module attached to the arm.
This fabric has a width of about 7 cm approximating the width of a humans
palm.
Figure 3.46: Huggy Pajama Version 1 Output Module
Figure 3.47: A DC Motor with encoder and gearhead direct drives a shaft
where the fabric is attached
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The concept sketch of the output module is depicted in Figure 3.47.
In this initial sketch, the motor drives the shaft indirectly through some
combination of gears. The idea is that by using gears, we can trade off
speed for torque and vice versa. However, we can forgo this gearing idea
if we choose a suitable motor that works in the range of torque and speed
that we require.
3.5.2.1.3 Hardware architecture
Figure 3.48: Data communication architecture for Huggy Pajama Version
1
Both clients have an input component and an output component. The
data from the input component flows to the respective android phone before
flowing into the server and into the android phone of the destination. The




At the input module side, the Flexiforce sensors (2 sensors for one mod-
ule) are interfaced to the microcontroller through an Op-Amp. Upon de-
tecting a change in the force on its sensing area, the output voltage from
the Flexiforce circuit changes accordingly, and this signal is amplified be-
fore being passed to the Analog-Digital Converter (ADC) module in the
microcontroller. This signal is processed according to the firmware algo-
rithm which is described in the Software Architecture section. The resul-
tant coded signal is then sent serially via Bluetooth to the mobile phone.
This mobile phone runs customized application software which proceeds to
send the coded data via the Internet to another mobile phone which also
runs the same application software.
Figure 3.49: Block diagram of input module of Huggy Pajama Version 1
Output Module
At the output module side, the application software on the mobile device
receives the coded data and sends this data serially via Bluetooth to the
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armband module. The Bluetooth module on the armband receives this serial
data and passes it to the microcontroller. The microcontroller firmware
decodes the data. It then updates the control loop and correspondingly
instructs the motor to wind or unwind. The motors rotation winds up the
piece of fabric attached to the user’s arm. The purpose of the current sensor
is to obtain the amount of current which the motor is using. Based on the
current, the program calculates the power of the motor and determines
the net force against the motors direction of rotation. This force is an
approximation of the net force which is also acting on the user’s arm. There
are slight differences between these two forces because the force against the
motor rotation is a tangential force, whereas the force on the user’s arm is a
radial force. However, the difference is insignificant to the user. Therefore
we can assume that they are the same.
Figure 3.50: Block diagram of Output module of Huggy Pajama Version 1
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Input touch circuit design
Figure 3.51: input module circuit of Huggy Pajama Version 1
The Flexiforce varies its resistance according to the force applied to
it. Signal is then magnified through an op-amp. The op-amp requires a
negative power supply, hence the voltage inverter in our circuit. The signal
is then sent to the microcontroller and converted from analog to digital
data. Digital data is then encoded and transmitted serially via Bluetooth.
This data gets sent to the mobile device which acts as the Internet gateway.
It then reaches the receiver mobile device.
Output touch circuit design
The output circuit receives the data via Bluetooth from the mobile de-
vice connected to the Internet. Microcontroller receives the data serially
and varies the PWM signal to instruct the servo motor according to mo-
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Figure 3.52: Actual input module circuit of Huggy Pajama Version 1
Figure 3.53: output module circuit of Huggy Pajama Version 1
tor’s state. The microcontroller sends the stop and hold signal to the servo
motor once an average current level is detected. Current consumption is
sensed by a sensor which measures the voltage drop across a very small
resistor in the motor power supply line.
Data transmissionn
There are various communication methods between input module and
the output module.
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• Zigbee RF Communication
• Embedding Signal in Audio Channel
• 3G Wi-Fi
• GSM GPRS
The armband output module is to be designed to have as much mobility
as possible. Thus, wireless communication needs to be integrated into the
system to achieve that. We embed Bluetooth module to enable wireless
data communication.
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For Bluetooth, the Promi ESD-02 Bluetooth Module by SENA is chosen.
This is because it has a low operating voltage of 3.3V and also UART serial
interface which makes it very easy to connect to the PIC. The module
consumes a maximum of 48mA during INQUIRY mode, and often when it
operates at less than 10mA in normal data transmission. This feature fits
into one of the system design aims, which is low power consumption.
Figure 3.55: Bluetooth Schematic Design of Huggy Pajama Version 1
3.5.2.1.4 Software Architectures
Description of software on microcontroller for input
The firmware algorithm on the input module is focused at calibration
and filtering the signals detected by the two Flexiforce sensors. Each sensor
gives one output signal. These signals are passed to the analog-digital con-
verters on the microcontroller. In order to obtain a measure of the average
force along the side of the module, summing and averaging processes are
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Figure 3.56: Flowchart of software on input module of Huggy Pajama Ver-
sion 1
required. As each sensor has slightly different characteristics, initial cali-
brations are required. The signals from both sensors are averaged to obtain
a single force signal. This signal is then coded and transmitted serially to
the mobile phone.
Description of software on microcontroller for output
At the armband output module, the microcontroller receives the coded
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Figure 3.57: Flowchart of software on output module of Huggy Pajama
Version 1
serial data from the input module via the mobile phone. This serial data
gives the value of the force that the armband should exert on the user’s
arm. In one cycle of the program, the microcontroller also receives the cur-
rent feedback signal via the analog-digital converter channel. This current
value is then mapped via a lookup table in the program to a certain force
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value. By comparing this force value obtained from the current feedback,
and comparing it with the force value received from the input module, it
then performs calculations and generates the required pulse width modula-
tion (PWM) signals to control the rotation of the motor. In this way, the





For the Bluetooth module, datasheet states that no ground plane should
be poured at some specific areas under the module. The current sensing
path should be as short as possible and as thick as possible to minimize
extra resistance. Current signal has high di
dt
, therefore decoupling capacitor
is required to suppress them. Sense side circuit do not have any major
considerations, the more important part is the mounting of the two flexiforce
has no lever system. The two acrylic in between must be as consistent as
possible. Common PCB consideration will be decoupling capacitor as near
as possible to the chip, higher current track should be thicker etc.
Mounting of FlexiForce Sensor
167
The mounting of the flexiforce sensor is important. A slight movement of
the load or the sensor can cause the reading to be extremely inaccurate.
Therefore, flexiforce sensors have to sandwich between two layers of mate-
rial. In this case, we choose our material as acrylic.
Different Characteristics of every FlexiForce
Even though FlexiForce sensors are off the shelves commercial products,
each sensors also deviate slightly from one another. This is normal for elec-
tronic components, and sensors are usually characterized with their stan-
dard deviation error values. As we use two sensors for each input module,
we need to normalize these sensors so that tell us the same changes when
there is a force change. In order to normalize these sensors, we need to do
a force-voltage mapping for each sensors, so this is a tedious step.
Force Distribution from Point to Strip
The sides of the casing where we enclose the sensing area of the sensors is a
long flat surface. When users squeeze on this surface, the force gets spread
onto multiple points on the surface. The problem is channeling these forces
acting on the surface to the 2 sensing areas which are relatively small circular
areas on the top and bottom of the sides. If we do not channel the forces
correctly, the net force that we are detecting on the sensors are only part
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of the squeeze force, as the rest of the forces get lost along different points
on the surface strip.
Fluctuation of FlexiForce Readings
The sensor readings also tend to fluctuate due to slight movement of the
sensors. These fluctuations are not caused by any force changes. Rather
they are due to the sensors not securely mounted to a fixed location. There-
fore to solve this problem, we have to ensure that the casing is designed to
securely fasten the sensors.
Form factor of flexiforce strips
The largest problem we have with the sensors is the form factor, as we intend
to embed the sensors into other devices. as mentioned in the flexiforce-
vibration prototype for pet internet, there is a large unwanted length in the
strip. Due to this, we are forced to consider other forms of technology.
Output Module
Releasing
During releasing (when system detects changes from higher force to lower
force causing the motor to unwind), the armband has no current feedback.
Current feedback occurs when the motor produces torque for the load. In
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unwinding, the firmness of the human arm creates a force in the direction
of unwind. The current feedback is then inaccurate.
In order to solve this, we are now using software method to release
by time. In other word, whenever it needs to be release, the armband
will unwind for a certain amount of time and wind it up again to get the
current feedback. Although this can solve the problem, it causes the rotation
movements to become jerky.
Low Battery Discharge Rate
Due to the fact that we are developing a mobile armband device, the size
of battery needs to be small. Small batteries have a limitation that they
have low discharge capacity. As the servo motor drains a large amount of
current, the bottleneck is that the battery could not provide enough current
for the motor. In order to solve this, we need to choose batteries with a
large enough discharge rate. Currently the Lithium Polymer battery that
is used can discharge up to 10C of current at 7.4 Volts.
Different Current-Force Mapping for different condition
In the firmware algorithm for the armband output module, we mapped
the current feedback to different force levels that is determined from initial
experiments to characterize the motor. However, this current level feedback
is also based on a fixed input voltage to the motor. As the voltage drops
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due to the battery drain, this current level changes. Therefore the look-up





We also need to ensure that the current feedback is resistant to sudden
spikes that can be attributed to the sudden fast movement of the motor.
In order to ensure no sudden changes of force level detected, we added
decoupling capacitors for the power supply to the motor.





One design issue that we have with the armband is to attach the armband
firmly on the user’s upper arm. Due to the weight of the device, mainly
contributed by the aluminum structure and the motor, the armband tends
to slip downwards. This problem also presents an important design con-
sideration for our human-human remote touch system. The use of servo or
stepper motors adds a significant weight to the system. We have to balance
this weight with the power, torque and speed of the motor.
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Low Noise Motor
The servo motor used in this prototype caused significant perceptible hissing
sound to the users. This is a form of distraction to the users. If motors are
to be used, brushless DC motors produce quieter sound. However, we have
to consider also that brushless DC motors are generally more expensive and
involves more complex controllers compared to brushed DC motors.
All problems mentioned above seem have respective solutions that we can
explore. However, it seems more practical for us to experiment with other
forms of technology for the ouput module.
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3.5.2.2 Huggy Pajama version 2 : QTC air actuated armband
The following prototype that is developed uses the QTC material to imple-
ment the input touch sensing module, while the output actuation module is
based on control of air pressure in the air pocket embedded in the armband.
The input module consists of a custom designed small doll avatar, with
embedded force sensors. These force sensors are made from QTC material.
The user is able to hold this small mobile device in his/her palms. By
squeezing on the force sensor of this avatar, the user directly applies a force
on the touch receivers arm via the inflatable armband. The input module
is developed with eight embedded force sensors, and each sensor can be
mapped to one output actuation module. While we intend to design for
a single module in this version of the prototype, the multiple sensors are
useful for extension into multiple actuation modules in the next iteration of
the prototype.
For the output module, the actuation is done via air pressure controlled
air pockets exerting pressure on the user’s arm. In this version of the proto-
type, we are only making use of one input sensor and one output actuator.
Therefore the single force sensor is directly mapped to the armband. The
armband has embedded circuitry which can control the required air pressure
in the air pocket.
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3.5.2.2.1 Physical design and design considerations
The Flexiforce-servo motor armband prototype achieved the initial objec-
tives of sensing and simulating haptic squeezes on the arm. It also has a
relatively quick response (rise time) and can be controlled accurately and
consistently.
However, there are a few problems as mentioned previously. One of the
main problems affecting user experience is the noise due to the motor. As
our final aim is to develop a wearable suit with multiple actuation modules
targeted at the upper body of the user, the noise from multiple motors is
expected to increase significantly.
Besides that, the motor and its supporting structure also contribute
significantly to the weight of the system. This presents a problem if we
are to scale the system using multiple motors. Complications also arise if
we are to design a similar motor actuated pulling mechanism for the upper
body instead of just the arm. It would need a strong supporting structure
to withstand the amount of force generated by the many motors. All these
add up to the weight problem, and makes the system immobile.
On the input module side, we require more flexibility in designing the
form factor of the input interface. This is to provide users with a more
natural and intuitive user interface, as well as solve practical issues like
that of space constraint. However, as mentioned, the Flexiforce sensors
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have their shape and size limitations. Therefore the QTC material, which
presents more flexibility, is tested in this prototype.
Therefore, we adopt what we have learned from the development of the
Pet Internet prototypes to design a suitable prototype for human-human re-
mote touch communication. The input module incorporates QTC material
to make the touch sensing component. As for the output module, instead
of using a motor based winding mechanism, we use air pressure to create
the force on user.
The main objectives of this prototype are:
• To develop the input module with customizable form factor using
QTC material, and four or more input sensing areas
• To develop the output module with air actuated pockets exerting force
on the user’s arm
• To connect the different input and output module so that the new
input module can be used to control the output module
Input Module
The specification for this prototype is as follows:
1. Small and lightweight
2. Twelve different sensing areas
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3. Senses varying force levels within the human touch force range
4. Wireless communication
5. Mobile power source
In order to have a robust Input Module, we adhere to the following
guidelines:
• Compact and eliminate unnecessary wire connection.
• Stable and good contact between QTC Sheet and conductive surface.
• Simple and easy to assemble.
The specific requirements of the sub modules are summarized in Table
3.18
After carefully study different sensing technologies, QTC sensing tech-
nologies approach with QTC Sheet product was selected because of the
following characteristic:
• Appropriate sensitive level which suits human touch and rub actions.
• Flexible, light and thin material which is suitable for small and com-
pact form factor. Customizable active sensing area.




Sensitive at human touch level
which means from 10 grams to
less than 1600 grams
Large coverage of active sensing
area.
Simple and small circuitry
Signal processing
Real time data acquisition
Analog to digital converter.
Small and simple circuitry
Force level display
To be able to indicate different
force levels
Must be nice and match with ap-
pearance design
Simple and small circuitry
Low power consumption.
Wireless data transmission
Be able to easily connect to a lo-
cal terminal such as Laptop or
mobile phone
Low power consumption and sim-
ple circuitry
Power Supply
Must be able to run with small
battery source.
High efficiency to maximize bat-
tery life.
Table 3.11: Summary of requirements for Input module
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Experiment to determine suitable QTC configuration to be used
The testing apparatus set up is shown below:
Figure 3.58: Test set-up
We conducted tests on the different packages that the QTC material is
manufactured, specifically the QTC pill and the QTC switch substrate. We
set a few configurations. Configuration A is set using the QTC pill whereas
configuration B and C is set using the switch substrate.
We set up the circuit below and monitored the voltage output as fixed
dead weights are added on top of the sensors.
Test 1 conducted on switch substrate:
We conducted the first test using strips of dimension 2x2cm. The initial
resistance of the sensor approached infinity and the resistance drops as force
is applied. Prior to the experiment, we noted that the resistance value of
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Figure 3.59: Test Configuration
Figure 3.60: Input Circuit used for experiment
the sensor Rs under maximum pressure (1600g) to be about 105Ω. Based
on this value, we decided to fix the value of the resistor RF to 10kΩ. The
following results are obtained.
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Configuration B Configuration C
Weight Force Sensor1 (2x2cm) Sensor2 (2x2cm) Sensor3 (2x2cm)
(gram) (N) Voltage(V) Voltage(V) Voltage(V)
0 0 0.03 0.13 0.1
10 0.0981 0.04 0.33 1.31
50 0.4905 0.55 0.38 2.1
100 0.981 1.62 2.2 3.5
150 1.4715 2.2 2.15 3.9
180 1.7658 2.61 2.65 4
250 2.4525 2.95 3.23 4.3
350 3.4335 3.31 3.71 4.57
500 4.905 3.67 4.1 4.71
600 5.886 3.94 4.32 4.78
750 7.3575 4.23 4.43 4.8
850 8.3385 4.43 4.45 4.82
900 8.829 4.52 4.5 4.84
1000 9.81 4.67 4.62 4.9
1250 12.2625 4.61 4.7 4.9
1600 15.696 4.7 4.68 4.94
Table 3.12: Data for QTC sheets (2x2cm)
Figure 3.61: Plot of Vout vs Force (2x2cm)
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Test 2 conducted using configurations B and C:
We conducted a second test using the QTC switch substrate of dimen-
sions 2x4cm. We used the same value of Rf (10kΩ). The results obtained
are as follows.
Configuration B Configuration C
Weight Force Sensor4(2x4cm) Sensor5(2x4cm)
(gram) (N) Voltage(V) Voltage(V)
0 0 0.29 0.26
10 0.0981 1.27 0.7
50 0.4905 1.92 2.2
100 0.981 2.8 3.41
150 1.4715 3.41 4.01
180 1.7658 3.71 4.1
250 2.4525 4.01 4.44
350 3.4335 4.32 4.53
500 4.905 4.55 4.72
600 5.886 4.65 4.8
750 7.3575 4.7 4.86
850 8.3385 4.798 4.87
900 8.829 4.745 4.88
1000 9.81 4.87 4.9
1250 12.2625 4.9 4.89
1600 15.696 4.9 4.95
Table 3.13: Data for QTC sheets (2x4cm)
We note that the variation results obtained through the experimental
analysis is consistent with the graph given by the manufacturers [12].
Test 3 conducted on the QTC pill:
We conducted the test on the QTC pill. The pill comes in dimensions
of 3.6mm x 3.6mm x 1mm. The value of Rf used is 10MΩ. The decision
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Figure 3.62: Plot of Vout vs Force (2x4cm)
was based after testing the resistance of the sensor at maximum pressure.
Weight Force Sensor7 Sensor8 Sensor9
(gram) (N) Pill Pill Pill
0 0 0.235 0.197 0.289
10 0.0981 0.271 0.275 0.268
50 0.4905 0.319 0.313 0.351
100 0.981 0.308 0.315 0.294
150 1.4715 0.326 0.315 0.359
180 1.7658 0.326 0.315 0.241
250 2.4525 0.451 0.315 0.366
350 3.4335 1.05 0.53 1.45
500 4.905 3.45 2.35 2.68
600 5.886 4.87 4.01 4.48
750 7.3575 5.02 4.97 5.03
850 8.3385 5.05 5.04 5.04
900 8.829 5.05 5.04 5.05
1000 9.81 5.05 5.04 5.05
1250 12.2625 5.05 5.04 5.05
Table 3.14: Data for QTC pill
We note that the variation results obtained through the experimental
analysis is consistent with the graph given by the manufacturers [12]. But
unlike the Flexiforce sensors, we could sense changes at a lower value of
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Figure 3.63: Plot of Vout vs Force (QTC pill)
force. The response of the sensors is dependant on the value of the RF
resistors.
We realize that significant variation only occurred when a force of be-
tween 250 grams and 850grams is applied on the sensor. This lack of sensi-
tivity is due to the selection of a resistor value that was too high. However
the observation is consistent with the graph given by the manufacturer as
we note that the resistance of the sensor is about 10MΩ when a force of 5N
is applied. In our experimental plot we obtained an output voltage of 2.5V
for this force, close to the theoretical result. Considering the fact that the
pill type sensor will have the push button effect and that it is more suited
for high current application means that it is not well suited for our use. We
decided to use the sheets sensors to build our prototype since its dimensions
are customizable. It does not have the push button effect and can detect
farces reliably and has consistent results. Thus it is the more suitable of
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the two sensors to be used in our input module.
Output Module
There are a few fundamental components required to develop an air
actuation module. They are the valves, air compressors or pumps, air tubes,
air tube connectors, and the material used to make the air compartments
or pockets.
All of the requirements are summarized in the table 3.19 below.
Sub module Requirements
Microprocessor
able to provide 2 PWM signals
UART
I2C bus






Step Up Voltage Converter
able to set up to 3.3V and 5V
able to provide a current of at
least 600mA
Table 3.15: Summary of requirements for Huggy Pajama Version 2 output
module
Air actuator
To maintain the air pressure inside the air pouch, there are two air
actuators in this design, one serves as the air pump and another one serves
as the vacuum.
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The micro pump T2-03 from Parker Hannifin is chosen. This pump has
an ultra compact size and can be operated at a low voltage of 5V and a
high flow rate of 3.0LPM. This suits into the design aim of Internet Pajama
output subsystem, in which the circuit must be small-size and light-weight.
A picture of the micro pump is shown in Figure 3.64.
Figure 3.64: T2-03 Micro Pump
Solenoid valve
In order to control the airflow electrically, electronic-controlled solenoid
air valves are used. Consideration is given to the following aspects:
• Size
• Weight
• Operating voltage and maximum current
• Maximum airflow
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• Maximum air pressure
The 3-way multi-purpose solenoid valve VK332-5G-M5 from SMC is chosen.
The picture of the valve is shown in Figure 3.4. The main reason for choosing
this is because it allows high flow rate in low differential pressure. Although
it is operating at a voltage as high as 24V, the current rating is quite low. It
draws a current of 0.17A at full flow. For now, the valves power is supplied
by power supply because of high operating voltage. It will be replaced with
a low voltage valve in future development.
The purpose of having a solenoid valve is to decrease air leakage. When
the air pressure inside the air pouch builds up, the inner valve at the in-
let port will open due to the pressure difference compared to atmospheric
pressure.
Figure 3.65: SMC VK332-5G-M5 Solenoid Valve
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Air Pressure Sensor
The two very important criteria in choosing the air pressure sensor are
pressure range and sensitivity. From the input subsystem, the force level
ranges from 0mN to 6mN, that is from 0mg to 600mg. This is mapped
to the maximum output pressure of the air actuators, which is 9.63kPa.
Besides that, the sensitivity of sensor must be as large as possible so that
the feedback resolution is high. It is desirable that the sensor output voltage
can span from 0V to 5V.
The MPXV5010GP Integrated Silicon Pressure Sensor from Freescale is
chosen. It has a pressure range of 0 to 10kPa. Its also has a sensitivity of
450mV/kPa, making the output voltage span from 0.2V to 4.7V, which fits
into the design criterion. Pressure reading into the PIC will be measured
in voltage and we can use the chart from the datasheet to map the voltage
to air pressure[113].
Air Pumps
This pump has a working input voltage of up to 6V and has a good airflow
rate of up to 3.0 liters per minute. However, a discernible hissing noise is
present during its operation. In order to reduce the noise, acoustic damping
in the form of sound absorbing material is padded onto the casing holding
the motors.
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Figure 3.66: Integrated Silicon Pressure Sensor
Valves
In the initial development of this prototype, the VK332-5G-M5 valve from
SMC is used for the system. However, the size and the weight of this pump
are quite large, and when used in multiple quantities, present a significant
burden to the user.
We changed to a smaller and lighter valve of the V100 series also from
SMC. The trade-off for this change is that the air flow rate through the
pump is now smaller by a factor of 10.
Table 3.16 shows a comparison of the two different series of valves.
Tubes
The sizes of the air tubes depend on the valves and pumps selected since
the air tubes would be connected to the valves and pumps directly. Since





Response Time (ms) 10 or less (Stan-
dard), 15 or less
(Low power con-
sumption type)
ON: 5 or less
OFF: 4 or less
Lubrication Not Required
Electrical Entry Grommet Availabe
Rated Voltage (DC) 6, 12, 24, 48 3, 5, 6, 12, 24
Power Consumption (W) 4 W (Standard),





Port M5 x 0.8
Length 53.1 mm 30.8 mm
Operating Pressure Range 0 - 0.7 Mpa
Flow Characteristic
Port 1 -¿ Port 2 0.47 dm3/(sbar) 0.037
dm3/(sbar)
Table 3.16: Valve Specification Comparison
Figure 3.67: V114A-VG Air Valve
so that the jacket wouldnt be stiff. Appropriate air tubes connectors will
also be used to connect different air tubes together as well as connecting
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Since the contact between QTC Sheet and PCB printed electrode must
be kept clean, adhesive layer could not be used to keep the QTC sheet in
place. We tested many different ways of attaching the QTC sheet to the
circuit board such as using silicone glue to as shown in Figure 3.68 or using
different adhesive materials as shown in Figure 3.69. Although silicone
glue design gives advantage in flexibility of exterior design, its characteris-
tic changes overtime. Thus this design has inconsistent performance over
time. Besides that, this method requires precise technology to manufacture
the sensor so that different copies exhibit a consistence performance. For
prototyping, the method is not suitable.
Figure 3.68: QTC sensing assembly using silicone glue
Evaluation of the 2 methods can be found in section 4.2.1.5. This result
follows closely with the analysis from the QTC preliminary experiment.
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Figure 3.69: QTC sensor assembly using additional adhesive layer
From the evaluation result, there was only one problem with this ap-
proach which comes from the adhesive layer. Since it is attached directly
on to the PCB surface, when the sensor is released after a period of more
than 30 seconds being pressed hard, the output voltage does not go back to
0 as expected but slowly decrease and only reach 0 V after 10 seconds.
In order to solve the problem, the final sensor design employs EVA foam
(Ethylene Vinyl Acetate) to create a boundary surrounding the sensor area
on the PCB surface. The cotton fabric is cut to the exact size of the EVA
foam window so that it fit nicely inside. The QTC Sheet is attached to the
cotton fabric by a very small and thin double sided tape. Finally a layer
of Scratch proof adhesive film is applied on top to keep all layers in place.
Figure 3.70 describe the design for a 2 sensor PCB. In this design, the
QTC Sheet is directly placed on top of the electrodes. It then acts like a
variable resistor whose resistance value drops when force is applied on its
surface. The design gives great advantage in term of size and simplicity.
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This approach can be scale up to bigger PCB with any number of sensors.
Figure 3.70: QTC Sensor assembly
In order to increase active region of the sensor,a pair of inter-digitated
copper Foil was was used in the design of the conducting surface. With this
new pattern, the contact area is increased hence the active sensing area also
increases. Figure 3.71 illustrate the point. In this diagram, the pink color
region indicates active sensing area.
Figure 3.71: Interdigitated pattern on the force sensor
The sensor placement is as shown in Figure 3.72. There are 4 sensors
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on the front side; four sensors on the back side; two sensors on right arm
and two sensors on left arm. Though the number of sensors is limited in
this prototype, this sensing interface is designed so that it can be scaled up
to incorporate more sensors.
Figure 3.72: Input module sensors placement
Output module
The air flow into the pouch is controlled by an air pump and an air
vacuum. A valve is connected betwwen the pouch and the air vacuum.
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All pneumatic components are connected using tubes mentioned earlier.
The air vacuum and pumps are controlled by the PWM channel of the
microcontroller.
Figure 3.73: Block diagram of pneumatic components
Figure 3.73 depicts air compressor components consists of the air tubes,
air tubes connectors, valves and air compartment. The air compartment was
first glued tightly at each side and each side was sewed tightly to ensure
that glued part wouldnt detach so easily. The valves that we are using for
this prototype is 24 volts three-ways valves. Although the rating is 24 volts,
a 17.4 volts power source is enough to energize the valve. The air tubes and






Figure 3.74: Block diagram of input module of Huggy Pajama Version 2
The input module comprises (i) Force sensing interface; (ii) Signal pro-
cessing block; (iii) Force level display; (iv) Wireless data transmission block;
(v) Power supply. Figure 3.74 shows the block diagram of the system. With
this break down of the system, all modules can be developed in parallel. Fur-




The Huggy Pajama output subsystem consists of microcontroller, actua-
tors, sensor block, communication, power supply and visual display block.
Breaking down the subsystem into modular design ensures reusability of the
modules in future development.
Figure 3.75: Output module Block Diagram of Huggy Pajama Version 2
Referring to the hardware system block diagram, there are a few require-
ments to meet while selecting all the hardware components.
Input touch circuit design
We use a smaller PIC 16F76 chip which has 4 analog channels. Since a
compact design is desired, the PIC should also have ADC capability so that
no external ADC chip is required. Hence, the 28 pins 8-Bit CMOS Flash
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Figure 3.76: Input module Circuit Design for Huggy Pajama Version 2
PIC16F76 was selected as the microcontroller for following reasons: Inter-
rupt capability and an 8-Bit 5-channels ADC integrated. These features en-
able simple and fast programming for data acquisition and analysis. It has
both Serial Port Profile (SPP/ SPI / I2C) as well as USART. This enable
serial communication with the IP.input terminal (Laptop, mobile phone)
being easily established. It has many additional features such as Power-up
Timer, power saving SLEEP mode and In-Circuit Serial Programming ca-
pability. These features enable further optimization of the system firmware
for lower power consumption as well as robustness in performance. With
CMOS technology, the PIC has high sink/source current of up to 25mA as
well as low current consumption at as low as 20uA in typical 3.3V operation
voltage.
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Since the PIC has only 5 ADC channels, addition multiplexing circuit
is used to support more sensors. In this system, two 8 channels analog
multiplexers ADG608 are used. The ADG608 chip is selected for its low
power dissipation of maximum only 1.5 uW as well as low On Resistance of
only 30 Ohms maximum.
Since the output of the QTC Sheet is a variable resistance value, an
excitation circuit is needed in order to acquire the output signal from the
sensor. In order to keep the circuitry simple and small, a potential divider
circuit is selected. Figure 4 3.78 shows the schematic of one sensor. The
output from this circuit is a variable signal line and a matching ground
line. The output voltage from obtained from configuration is related to the
varying resistance value of QTC Sheet as shown in Figure 3.77
Figure 3.77: Input Circuit
Rs = QTC sensor (variable resistance)
Rf = Constant resistance
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The sensor circuit does not include any amplifier circuit because QTC
Sheet has a very varying span, from near insulator to less than 500 Ohm.
This characteristic makes the output voltage from the potential divider
circuit varies in the range of [0, Vcc]. With such big changes, an amplifier
circuit is not really necessary in this application. Moreover, this system
design is modularized in such a way that an additional amplifier circuit can
be easily added in if needed in subsequent prototypes.
Figure 3.78: QTC Sensor excitation circuit
The maximum force that will be exerted on the sensors will be set to
1.6kg. Since the sensor will behave like a variable resistor, we can determine
the resistance across the sensors in the above configuration when a force of
1.6kg is applied on the sensors. We then choose a value ofRfwhich will be
many times greater than the resistance of the sensor at an applied force of
1.6kg ( i.eRf >> Rsat 1.6kg). By doing so, the output voltage from the
above circuit configuration will saturate at a value close to 5V.
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Figure 3.79: Cross sectional view of the sensor connection
Figure 3.80: Input module Prototype for Huggy Pajama Version 2
Due to the low power consumption and simple design requirements, low
power surface mount type LEDs were selected. These LEDs can operate and
give adequate light emission intensity at current as low as 1.5mA. Hence,
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they can be directly driven by the PIC itself without the need for additional
LED driver circuit. Figure 3.81 shows a schematic for this module. The
configuration for the display can be customized based on the design of the
input module. For example, the number of LEDs can be changed. Hence
this module is designed such that it has no dependency with other modules.
This will ensure more flexibility in upgrading the display in subsequent
prototypes. Other more complex display systems that can be controlled by
the main PIC via serial port profile like SPI or I2C.
Figure 3.81: Force level display using low power SMT LEDs
Output touch circuit design
The schematic design for actuator board is shown below in Figure 3.83.
The N-channel enhancement MOSFET is used to drive both air pumps
and valves. When the microcontroller sends a high signal to the actuator
board, a gate voltage of 5V turns the MOSFET on. Current will then flow
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Figure 3.82: LEDs display driver using PCA9551
Figure 3.83: Actuator Board Schematic Design of Huggy Pajama Version 2
through the actuators from VDD to ground, turning on the actuators. For
air pumps, the microcontroller outputs a Pulse-width modulation(PWM)
signal to the buffer. The signal is fed into the gate of MOSFETs, causing
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the MOSFETs to turn on at the duty cycle of PWM signal. Hence, the air
pumps operate at the duty cycle given by the PWM signal.
A voltage follower is added to drive the MOSFETs to protect the mi-
crocontroller. This is to prevent the MOSFETs from drawing large current
from the PIC when there is a component failure. In this design, the buffer
used is Hex Non-inverting Buffer from Fairchild. It has a large operating
voltage range from 3V to 15V and high source and sink current capability.
Since the actuators are inductive components, they generate magnetic
fields. When the magnetic field couples into the ground, noise is generated.
The grounding of this section must be completely isolated from the rest of
the circuits.
The surface-mount PIC16F76 is chosen. It has an on-chip Analog-to-
Digital converter to handle signals from air pressure sensor, so external
Analog-Digital Converter chip is not needed. It has two I/O ports which
are able to generate Pulse-width modulation signals, which supports the
design. In terms of communication, it has RS-232 serial communication for
communicating with the Wi-Fi or Bluetooth module and I2C bus for master-
slave communication. This I2C bus is needed in the future, when more air
pouches mounted on the whole jacket is controlled by a single master PIC
and twelve slave PICs. Besides that, it has several features such as Power-up
Timer, Power-saving SLEEP mode and In-circuit Programming capability.
The PIC has sink/source current as high as 25mA, and consumes less than
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2mA while operating at 5V, 4MHz. All these features enable the design to
be battery-operated. The schematic design of PIC is shown in Figure 3.84.
Figure 3.84: Microprocessor Schematic Design of Huggy Pajama Version 2
Figure 3.85: Air Pressure Sensor Schematic Design
In this part, the decoupling capacitors are very important. Both the
decoupling capacitors for VS and VOUT are needed to filter out noise. This
is because the sensor is an analog device, outputting an analog signal which
is continuous. Any noise coupled into the ground of the sensor will cause
the sensor reading to be inaccurate. Moreover, the pressure sensor should
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be routed as close to the microprocessor as possible. This is to minimize
the noise coupled into the device along the signal path. All values for the
capacitors are suggested by the datasheet.
The visual LED display block aims to give the user some visual feedback
of the pressure input. Since the Internet Pajama Output subsystem is
battery-operated, low power surface-mount Light Emitting Diode (LED) is
chosen. The LED is able to operate at a typical 1.9V with 30mA forward
current. With a low forward current, it can be driven by the microprocessor
directly without external LED driver. Besides, it has a very low power
dissipation of 81mW. Therefore it is suitable for low power circuitry design.




For this prototype, in order to run with portable and lightweight battery
source of around 1.2V to 2.4V (1 cell or 2 cells rechargeable AA batteries)
the step up DC-DC converter is used. The power supply module will supply
a steady 3.3V to other modules. By using this type of converters, a higher
efficiency can be achieved comparing to linear step down voltage regulators
used in the earlier prototypes. Although the circuitry for step up DC-DC
converters is more complex than that of linear step down voltage regulator,
it is acceptable in this system design since the power circuitry is separated
from the main circuit. Hence there is flexibility when it comes to power
supply selection. Figure 3.87 and Figure 3.88 are the schematic diagrams
for step down voltage regulator and step up DC-DC converter, respectively.
Figure 3.87: Supply circuit using linear step down regulator
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Figure 3.88: Supply circuit using step up DC-DC converter 208
Output module
For the output module, two step up voltage converters are used. One
is to convert 2.4V to 3.3V to supply to the Bluetooth and Wi-Fi mod-
ules, while another step-up voltage converter outputs a regulated 5V to the
microprocessor and actuators.
While the circuit is operating, it draws a maximum of 580mA. So, the
MAX1760EUB is chosen. It has an efficiency of 94%, and is able to output
800mA current, which is sufficient to supply the actuators directly. More-
over, it requires a relatively simple circuitry for voltage conversion, which
suits our purpose of designing the whole system as small in size as possible.
Figure 3.89: 3.3V Power Supply Schematic Design
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Figure 3.90: 5V Power Supply Schematic Design
Data transmission / Communication
Data transmission used for this prototype is also done wirelessly using
Bluetooth. Only slight changes in the software has been introduced to
accomodate the type of data being sent for this prototype.
3.5.2.2.4 Software Architecture
This chapter discusses the design of firmware for microcontroller on the
input and the output modules.
Description of software on microcontroller for input
The firmware program is developed using C programming language with
CCS compiler [2]. Since this is an embedded system design, the firmware
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must exhibit real time capability. It is designed for optimized power con-
sumption so that longer battery life can be achieved. Furthermore, this
project is considered an early starting phase in the process of realization
the novel Huggy Pajama system. Hence the interfacing of this firmware to
other programs such as the Internet client/server programs must be simple
and easily upgraded. Table 3.17 lists all the specifications of the programs.
No Feature
1 Real time acquisition of analog signal from sensing interface
2 8-bits analog to digital conversion of sensor signal
3 Communication via Bluetooth Serial Port Profile with other devices
4 Low power SLEEP mode
Table 3.17: Input module firmware specification
State transition diagram: The program consists of two real-time tasks,
which are the data acquisition and display driver, and the background pro-
cess that keep checking for program state. The two real-time tasks are
implemented as interrupt service routines of Timer0 and Timer1. Figure
3.91 presents the state chart of the program and Figure 3.92 presents the
scheduling for the task.
Description of software on microcontroller for output
The firmware on the microcontroller for the output module controls the
actuation of the haptic armband. This section presents the control theory
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Figure 3.91: State transition diagram for input module firmware
Figure 3.92: Scheduling of tasks on input module microcontroller
used, followed by the design and tuning of controller and the implementation
of software low pass filter.
Control Theory
The Proportional-Integral (PI) Controller is implemented. The control
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Figure 3.93: Initialization phase flowchart
mechanism corrects the error between the set point and the current air pres-
sure. The proportional term determines the reaction towards the current
error, while the integral term determines the reaction towards steady-state
error.
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Figure 3.94: Data acquisition phase flowchart
In frequency domain,










u(t) = control signal at time t
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Figure 3.95: Background processes flow chart
e(t) = pressure error at time t
KP = proportional constant
KI = integral constant
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Figure 3.96: Proportional Integral Control Loop
In the microcontroller, the control signal u(t) is calculated using the
following function: E = set point air pressure;
P = KP × E; //proportional term
I = I + KI × E × T; //integral term
if (I > 100.0){ //limited to the range of -100 to 100
I = 100.0 //to prevent Integral term
} //to over-accumulated
else if (I < -100.0){
I = -100.0
}
U = P + I; //control signal = P + I
if (U> 100.0){ //limited to the range of -100% to 100%
U = 100.0 //duty cycle
}




The control signal U in the function above indicates the real duty cycle
of the air pump and air vacuum.
Firmware Flow Chart
Figure 3.97 shows the overall system flow chart. It starts with INITIAL-
IZATION state, and proceeds to loop at IDLE state. When the Timer 0
Interrupt occurs, it will proceed to ACTUATE state to drive the actua-
tors according to the Pulse-width Modulation signals. After serving the
interrupt service routine, it loops back to the IDLE state. When the Serial
Interrupt occurs, it will proceed to UPDATE state to update the set point
and visual LED display. After the interrupt service routine is served, it
will loop back to IDLE state. The Timer 0 interrupt has a higher priority
over Serial Interrupt. Details of each state are presented in the following
sections.
INITIALIZATION state
During this state, the PIC first initializes the Input-Output ports. Then,
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Figure 3.97: Firmware Flow Chart
it initializes a single channel on-chip Analog-to-Digital Converter and sets
up timer 2 for Pulse-Width Modulation generation. After that, it configures
the Promi-ESD-02 Bluetooth device to be in scanning mode and initializes
Timer 0 at 100Hz. Subsequently, the Serial Interrupt and Timer 0 Interrupt
are enabled, with Timer 0 Interrupt having a higher priority.
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Figure 3.98: INITIALIZATION State Flow Chart
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ACTUATE state
Figure 3.99 shows the ACTUATE state flow chart. Basically the actuate
state includes sensing the current air pressure, calculating the Pulse-width
Modulation signal and driving the air actuators.
Figure 3.99: Actuate State Flow Chart
This state is activated when the Timer 0 Interrupt occurs. The interrupt
will occur when timer 0 overflows every 0.01 second, giving a sampling
frequency of 100Hz for the sensor output signal. The analog output signal
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where PK = the digitized sensor reading, ranges from 0 to 255
VOUT = analog sensor output voltage
The digitized sensor reading is fed into the Moving Average Function
to filter out the noise. Moving Average is a technique used to analyze time
series data. It serves as a software low pass filter in signal processing, aims
at filtering the signal spikes in analog signal as illustrated in Figure 3.100.
Figure 3.100: Moving Average Working Principle
Basically, all the data is arranged in series. Using a window size of 10,
an average is taken and output to the microprocessor. In the next iteration,
the previous 9 data will be moved one step forward, and a new average is
computed with the newly input sensor data.
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If a signal spike occurs in the sensor output, the averaged sensor output
is only affect by 0.3 as shown in the diagram above. Thus, it is effective
in filtering signal spikes. The sampling frequency is not affected because
all the data is moved forward in the array every time the air pressure is
sampled.
UPDATE state
In this state, the microprocessor will receive data via serial communica-
tion port. Afterwards, it will update the pressure set point and LED visual
display.
Tuning of PI Controller
In this section, the tuning of controller is discussed [10]. Different system
responses are shown, with different values for the controller parameters
such as KP and KI. An optimized value for the parameters is chosen after
considering the factors such as overshoot, rise time and settling time.
The controller is tuned using the manual tuning method to get the coarse
values for KP and KI. Manual tuning method is an online tuning method
which starts with setting KI to zero and slowly increase KP until a point
of time where the system starts to oscillate. KP is set to around half of its
value, and KI is tuned until the steady state error settles to zero sufficiently
fast. After that, the values for KP and KI are further fine-tuned.
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The tuning is started off by increasing the KP slowly. The system re-
sponse started to oscillate at KP = 0.5. From here, KI is given a value of
3.25, and the step response is shown in Figure 3.101 below.
Figure 3.101: Step Response for KP = 0.5 and KI = 3.25
This is the under-damped case. The system response has a large over-
shoot, so KI has to be adjusted to a smaller value. KI is adjusted to 1.0
and the step response is shown in Figure 3.102 below.
This is the over-damped case. The system response does not have over-
shoot, but the rise time is too long. KI needs to be increased such that it
gives a shorter rise time. For this KI is set to be 1.25. The step response is
shown in Figure 3.103.
The system response is still considered over-damped and can be im-
proved further. In the next tuning iteration, KI is set to 2.25 and the
following step response is plotted, shown in Figure 3.104.
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Figure 3.102: Step Response for KP = 0.5 and KI = 1.0
Figure 3.103: Step Response for KP = 0.5 and KI = 1.25
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Figure 3.104: Step Response for KP = 0.5 and KI = 2.25
3.5.2.2.5 Discussion
Input Module
The digital signal obtained after Analog to Digital conversion fluctuated
and was not stable enough. This created a difficulty in obtaining the ac-
curate result for dynamic input. Hence, the input module could only give
output levels in terms of ranges but not a precise value. There were some
reasons that explain this:
• Sensor assembly is not stable because the QTC Sheets were attached
to the body using adhesive tape.
• The surfaces of both aluminum and copper foil were not flat and
even. This creates the problem of different sensing areas deviating in
performances from one another.
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• The connections from the sensors to the two analog multiplexers and
from multiplexers to PIC are not good. There were a lot of wire-
to-board connections made using digital signal line without proper
grounding and decoupling technique. This gives a relatively low signal
to noise ratio
Output Module
There are some issues in hardware system during the development process.
The issues involve noise reduction and air pump problem.
PCB considerations for Noise Reduction
The noise reduction issue is directly related to grounding design in hard-
ware system. Noise is mainly caused by the fluctuating ground signal. In-
ternet Pajama output subsystem consists of inductive components such as
air pump, air vacuum and solenoid valve. When these components are op-
erating, magnetic field is generated and voltages will be induced in wires or
signal paths. The induced voltage propagates throughout the ground, caus-
ing it to fluctuate between 0V to 70mV. The ground serves as a reference
point for all circuit voltages. When the ground fluctuates, analog sensor
output voltages which builds upon the ground also fluctuates. This causes
the analog output signal to be oscillatory. This presents a bad feedback in
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the control loop. The ground plane design of the first prototype is shown
in Figure 3.105 and Figure 3.106 below.
Figure 3.105: Signal Ground for Prototype 1
Figure 3.106: Digital Ground and Power Ground for Prototype 1
In prototype 1, the components are arranged such that the analog de-
vices, digital devices and high-current power devices are separated. Three
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ground planes are added, and thin copper lines interconnect them. After
testing the functionality of different parts of circuit, prototype 2 is developed
using all surface-mount components. In prototype 2, the digital ground and
power ground is combined together. This is because the digital components
are not affected by noise. Digital components have two levels of opera-
tion and have tolerance for each high and low level. For example, logic
low has a voltage range of 0V to 2V, while logic high ranges from 3.3V
to 5V. Therefore, they are more resilient to noise, and do not need precise
reference ground when operating. The prototype 2 is developed using all
surface-mount components.
Figure 3.107: Digital Ground at Top Layer for prototype 2
In prototype 2, the sensor is still prone to noise. This is mainly caused
by the use of surface-mount header to connect the sensor board and main
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Figure 3.108: Signal Ground at Bottom Layer for prototype 2
circuit board. Long wires without sufficient decoupling capacitors are likely
to pick up noise from the magnetic field generated by the air pumps. The
sensor output reading is shown in Figure 3.109.
Figure 3.109: Sensor Output Reading for Prototype 2
To reduce noise, the signal path from sensor output to microprocessor
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should be as short as possible. Besides that, the power ground should be
separated completely from other grounds, and only connected to the ground
of the power supply in parallel with the signal ground. Any fluctuations at
the power ground will be compensated by the power supply, and thus noise
will not propagate towards the signal ground. Overall, the grounding design
is shown in Figure 3.110.
Figure 3.110: Grounding Design Methodology
In the third prototype, the grounding is designed based on the topology
above. It is less prone to noise and thus a better control system response
can be obtained. The ground plane designs are shown in Figure 3.111 and
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Figure 3.112, and the sensor output signal is shown in Figure 3.113.
Figure 3.111: Signal Ground for Prototype 3
Figure 3.112: Power Ground on an isolated PCB board for Actuators
Proper grounding design in Prototype 3 coupled with the software low
pass filter enabled the sensor readings to be much more stable as shown in
the Figure
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Figure 3.113: Sensor Output Reading for Prototype 3
Figure 3.114: Sensor Output Reading with Low Pass Filter
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Air Pump
The air pump has an internal valve at both inlet port and outlet port as
shown in Figure 3.115 below. When the pressure builds up in the air pouch,
at the vacuum side where the inlet port is connected to the air pouch, the
internal valve tends to open because the pressure in air pouch is higher than
the atmospheric pressure. This causes a constant air leakage and presents a
steady-state error to the control system. To maintain at constant pressure,
the control system needs to apply a control signal to the air actuators so
that the inflow of air is equal to the outflow of air. As a result, the air
actuators have to be operated for a longer period of time and more power is
needed. Also, when there is an external pressure acted onto the air pouch,
the air pressure increases and more air leakage occurs. This makes the
system non-linear.
To resolve this issue, an external valve has to be added to manually
close the vacuum path while maintaining the air pouch pressure level. The
external valve will only be turn on if the pressure needs to be decreased.
Air Pouch Design
The air pouch design in Huggy Pajama Output subsystem is very critical.
At the most fundamental, the pouch needs to be air tight, and able to
withstand a certain level of air pressure without breaking down. The air
pouch design is shown in Figure 3.117.
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Figure 3.115: Air Actuator Side View
A few types of materials were used to make the air pouch. Initially we
made air pouches out of thin heat-sealable plastic as shown in Figure 3.118.
However, we found that it is extremely difficult to get the connecting joints
between the air pouch and the tubes to be totally sealed. Furthermore, such
air pouches cannot withstand a high pressure and tend to leak after being
used a few times.
Another type of rubber material which is used to make the air pouch in
pressure monitor is used to make the air pouch. For this type of material,
the air-tightness is better, but still there is a minor air leakage. Plastic glue
is used to seal the remaining air leakage spots.
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Figure 3.116: Air Actuator Side View with External Valve
The air pouch is then wrapped with black tapes to make it tighter. The
final product of the air pouch is shown in Figure 3.120. For the next
version of the prototype, we should have these air pouches fabricated by
professional pneumatic product makers.
For this prototype, the output module has been changed from the servo
motor to the air actuator. The air actuator produced a softer feel compared
to the servo motor. We have also verified that the single air actuator mod-
ule can work and we are able to accurately vary the pressure within the
air pocket. Hence, we are ready to build a more complex output module
consisting of multiple air pockets.
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Figure 3.117: Air Pouch Design
Figure 3.118: Plastic Air Pouches
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Figure 3.119: Plastic Glue Applied to the Air Pouch
Figure 3.120: Final Product for Air Pouch
The input module has also been changed from flexiforce to QTC. QTC
has a more customizable form factor and hence we are able to embed it into
a doll which is a more intuitive interface compared to a mobile phone.
237
3.5.2.3 Huggy Pajama version 3 : wearable suit prototype
The development of this prototype follows the QTC-air armband prototype.
In the previous prototype, we manage to successfully control an air actuated
pocket embedded in the armband using micro air pump, and connected to
a QTC force sensing module. In this prototype, we embedded multiple air
pockets into the output module, with the aim of developing an upper body
hug suit.
Similar to the previous prototype, the input module consists of a custom
designed small doll avatar in the shape of the upper human body, with
embedded force sensors. These force sensors are made from QTC material.
The user is able to hold this small mobile device in his/her palms. There
are multiple sensing areas corresponding to different parts of the human
body, and these are mapped individually to the output module.
For the output module, the actuation is done via air pressure controlled
air pockets exerting pressure on the user’s body via a hug suit. There are
multiple actuation areas that can exert force on the user’s body. This is
controlled by the input air pressure set point received.
A 4-air pouch force actuating system is incorporated into a jacket to
simulate touch at 4 different parts of the upper torso. The system would
be a continuation of previous works but would be an improvement in terms
of circuitry robustness and control. Especially the control portion would
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be critical. This is not purely because there are more output modules to
control. More importantly, how well the output pouches actuate the touch
according to the corresponding input would be more critical to a good haptic
system.
Besides a good output system to simulate the touch, a good model of
the air pressure inside the air pouch to the actual force pressure on the
human body is required. In previous works, the instructions on the amount
of force to exert were based on the air pressure inside the air pouch. For
example, if the force exerted on the input interface was of level 5, the air
pouch would inflate to an air pressure of level 5. For the input, the reference
is the pressure exerted by the amount of force on the sensor. For the output;
the reference is the air pressure. This causes a shift or discrepancy in the
force exerted on the output side as the force exerted on the output side by
an air pressure level of 5 may not be of the same level as what was input.
3.5.2.3.1 Physical design and design considerations
We developed and demonstrated the viability of using air actuated arm-
band module to transmit haptic touch to the user. The input module with
force sensing based on QTC material also works well within our objectives,
and translates into a natural control interface for the output armband mod-
ule. However, while we aim to incorporate the air actuation technology into
a hug suit, major issues arise due to the larger number of actuators and
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hardware involved. Complexity stems from the method to embed all the
hardware into a mobile wearable system. Besides that, fabricating a hug
suit that is suitable for our purpose is also a challenge. Main considerations
are the prevention of air leaks, the ability of the air pockets to withstand
the pressure, and the design of the suit in general to meet the usability
requirements.
The main objectives of this prototype are:
• To develop the input module with customizable form factor using
QTC material, and four or more input sensing areas
• To develop the output module with air actuated pockets exerting force
on the user’s upper body
• To map the input and output module so that the input module can
be used to control the air actuation on the different pockets of the
output module
Input Module
The specific requirements of the sub modules are summarized in Table
3.18
Output Module
There are a few fundamental components required to develop an air




Sensitive at human touch level
which means from 10 grams to
less than 1600 grams
Large coverage of active sensing
area.
Simple and small circuitry
Signal processing
Real time data acquisition
Analog to digital converter.
Small and simple circuitry
Force level display
To be able to indicate different
force levels
Must be nice and match with ap-
pearance design
Simple and small circuitry
Low power consumption.
Wireless data transmission
Be able to easily connect to a lo-
cal terminal such as Laptop or
mobile phone
Low power consumption and sim-
ple circuitry
Power Supply
Must be able to run with small
battery source.
High efficiency to maximize bat-
tery life.
Table 3.18: Summary of requirements for Input module
air tube connectors, and the material used to make the air compartments
or pockets.
All of the requirements for a single air actuator module are summarized
in the table 3.19 below.
The wearable prototype will have the following additional requirements:
• multiple air actuators




able to provide 2 PWM signals
UART
I2C bus






Step Up Voltage Converter
able to set up to 3.3V and 5V
able to provide a current of at
least 600mA
Table 3.19: Summary of requirements for single output module
• output module to be in the form of wearable jacket
• actuation on different parts of the body to simulate hugging
Position for the pouches on the Jacket
In order to have an idea where to place the actuators on the upper body,
it is important to analyze the common pressure contact points during hugs.
Since our initial system is designed for parent-child use, we analyzed a
group of eighty pictures of parents and their children hugging. We hope
to get an idea of the common pressure contact areas for parent-child hugs
by observation of these pictures. We first mapped out common areas of
contact when hugging. ‘ With the human body mapped out, we went on to
analyze the pictures by counting the number of times each part of the body
is touched during the hug. We separated our findings to parents and the
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Figure 3.121: Body Mapping
children‘s data as we felt there would be certain hug patterns that would
be more pronounced in one group than the other.
Figure 3.122: Photo Analysis (Parents)
From Figures 3.122 and 3.123, we provide the following findings:
• Areas 7 and 10 (Chest and Stomach) have the highest frequency due
to the nature of a normal hug, which includes a chest to chest and
stomach to stomach contact.
• Parents are touched more at areas 1, 2, 11 (shoulders, behind the
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Figure 3.123: Photo Analysis (Child)
neck) because when they hug children, they will be holding them up
and the children’s arms will rest over their shoulders.
• Parents are touched more at areas 3, 4 (under the neck) because chil-
dren are of smaller size and their heads will rest under their parent’s
chin.
• Children are touched more at areas 8 and 9 (side of body). This
is in relation to point 2 as their children’s arms are resting on their
shoulders; the parents’ arms will need to wrap their children’s body
under their children’s arms.
• Children’s back area (12, 13, 14, 15, and 16) have higher touched
frequencies as parent’s arms are bigger and will naturally wrap around
their children. Children’s arms cannot reach the back of adults during
hugging, most of the time.
Therefore, we have decided to add the air pouches to the chest area and the
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shoulders areas first as these areas are the most touched. The plan is have
12 areas of contact.
3.5.2.3.2 System design
In this section, we describe the way the input and output modules are
designed.
Design of the Input and Output System
Input module
The design of the input module remains the same. However, the force
sensed on the sensors are now mapped to the multiple air bags in the output
module. In the previous prototype we have a single input to a single output
system.
Output module
Based on the result obtained from studying hug patterns between par-
ents and children, we design the wearable suit with actuation on a few
specific areas. We conclude that the pressure points of hugging on the hu-
man body are on shoulders, front, back and the arms. This is also consistent
with previous study by [122]. As for the children, the most touched ar-
eas are shoulders and the upper back muscles when they get hugged from
adults. Although the most part of torso of the child is touched during hugs,
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the pressure applied is assumed to be stronger on the shoulders and the
back. Therefore, the first design for the Huggy Pajama, which has twelve
inflatable pouches placed according to the main hug-sensing parts of the
body, is sketched as below: The design for the pajama is thought to be fit
Figure 3.124: The first sketch of the Huggy Pajama
to different body sizes as to be able to demonstrated on different people,
the adjustable side line is added on the beside line. The technical drawing
shown in Figure 3.125 is provided as input to the fabrication facility.
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Figure 3.125: Sketch of Inflatable suit (Initial)
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As we are constrainted by the capability of the machine fabricating
the prototype, the design is simplified to sleeveless with four inflatable air
pouches on shoulders and the back.
The details of the design are as follow:
1. The dimensions shown in the figures are in cm.
2. The orientation of the air bags and air tubes are symmetrical between
front and back, left and right.
3. To simplify the drawing, the routing of air tubes on one side (left in
the drawing) are given. The routing on the right side of the jacket is
symmetrical to the left side.
4. This drawing is with detailed dimensions and running air tubes. The
diameter of the air tubes will be 6mm) and at the end will have the
connectors with 6mm diameter.
5. The air pouches and the tubes (on the Huggy-suit) will be made from
the same material. The material can be thicker on the tubes side to
be able to withstand the air pressure.
The air pouches will have thickness 5-10mm (estimation) when deflated and
(30-40)mm when inflated. The shapes of the air pouches for shoulders and
arms (4units) is Shape 1, the air bags for front and back (8 units) is Shape
2, as in Figure 3.128.
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Figure 3.126: Huggy simple 2 pouches
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Figure 3.127: Simplified Design of Inflatable Huggy Pajama
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The surface where the air pouches are attached will be inside part of
the Huggy suit, which means the Huggy suit will look smooth outside with
inflatable air pouches inside. As shown in the figure 3.129, the air pouches
need to be inflatable only on one side.
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Figure 3.128: Pouch shapes on Huggy Pajama Version 3
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Figure 3.129: Cross-sectional view of air compartments of Huggy Suit
The gray line shown in figure 3.130 with punched holes along the edge
can be made as shoe-lace-holes, the purpose is to make the jacket adjustable.
Figure 3.130: Trim line with holes
When the Huggy Pajama is worn by somebody, it looks like a simple





The input module comprises (i) Force sensing interface; (ii) Signal pro-
cessing block; (iii) Force level display; (iv) Wireless data transmission block;
(v) Power supply. Figure 3.74 shows the block diagram of the system. It
is the same as the input module for the previous version.
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Figure 3.131: Huggy Pajama output module version 3 on user
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Output Module
Figure 3.132: Output module block diagram of Huggy Pajama Version 3
Compared to Huggy Pajama Version 2, we designed a single master-multiple
slaves configuration for this version. Each slave microcontroller controls the
air pressure in a single pouch by controlling the valves. The air pressure
levels are provided by the master microcontroller which obtain them from
the input module.
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Input touch circuit design
Figure 3.133: Input module circuit design of Huggy Pajama Version 3
The main circuitry is broke down into two PCBs design. With the PIC
board designed based on the previous Pet Internet circuit. In this system,
the components are:
• Microcontroller used was PIC16F76 running with 20MHz crystal. The
analog multiplexer used was 1:8 CD4051BC.
• The Promi ESD Bluetooth module was used.
In this design the PIC was supplied with 5V while the Bluetooth module
is supplied with 3.3V. This resulted in the use of two different linear voltage
regulators: LM7805CT for 5V and LF33C for 3.3V supply.
In order to simplify the process of updating firmware to the micorcontroller,
In Circuit Serial Programming (ICSP) feature of the PIC was employed.
The new design of main circuit enable new firmware to be loaded to the
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PIC while it is still running in circuit. The configuration is shown in Figure
3.134 bellow.
Figure 3.134: ICSP connection
Utilizing a proper grounding method and firm ware optimization, the
final version achieves a much better and more stable analog signal output
from analog multiplexer comparing to earlier versions. By eliminating the
tail of the signal, conversion data obtained from ACD is guaranteed as the
output signal from the correct sensor but not any other sensors transients.
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Output touch circuit design
Figure 3.135: Output module circuit design of Huggy Pajama Version 3
Pin1 is the Master Clear (input) or programming voltage(input). A noise
filter in the MCLR Reset path detects and ignores small pulses. Usually, the
filter comprises a resistor and a capacitor, but the capacitor is not critical.
The recommend value for resistor is 1 kilo ohm to 10 kilo ohm.
The programmer is used for programming. Pin 27 is in-circuit debugger
and ICSP programming clock pin. Pin 28 is in-circuit debugger and ICSP
programming data pin.
The crystal used to generate the CLOCK. And the PIC operates at
40MHZ, so the crystal is 40MHZ crystal, and the values of the capacitors
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Figure 3.136: Master PIC schematic output module of Huggy Pajama Ver-
sion 3
are recommended.
Figure 3.137: I2C Schematic
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SCL and SDA will complete the I2C function. SCL is the clock line. It
is used to synchronize all data transfers over the I2C bus while SDA is the
data line. Both SCL and SDA lines are open drain drivers, which means
the PIC can only drive these pins low and not high. A 5V line is used to
overcome this and set the line to default at near 5V level. There should be
a resistor from the SCL line to the 5V line and another from the SDA line
to the 5V line. Only one set of pull-up resistors are needed for the whole
bus so the slaves do not need this setup. The current values for the resistors
are 4.7 k to solve a problem that only one slave is getting the data from the
I2C bus. If the resistors are missing, the SCL and SDA lines will always be
low-nearly 0V and the I2C bus will not work.
DC to DC Convertor
Figure 3.138: Master PCB Comparison
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The DC-DC convertor used is the MAX1760. It is used to convert 2.4V
from batteries to 3.3V and 5V for the Bluetooth module and the master
and slave respectively.
The PCB is revised from the previous version as the previous version
was too big. The revised version as compared to the previous is shown in
Figure 3.138. Please refer to appendix H for the PCB designs.
The new board is the one on the right in Figure 3.138. A lot of the
wasted space in the previous design was taken out and the whole design
shrunk to a much smaller size. However, limitations such as track line
widths and component size hamper the shrinking process. The routing of
the components in their new location is also not easy, especially the DC-DC
voltage convertor which has the smallest track size on its footprint.
The PIC configuration is the same as the one in the master board. Pull
up resistors for the I2C pins are not required here. However, the connectors
need to increase from 1 to 3 as all the slaves will be on the same bus and
bus line needs to be connected together. Please refer to appendix H for the
PCB designs.
In Figure 3.140, the board on the left is the previous board. Similar to
the master board, the circuit is now more compact and the connectors to
the power, pumps and valves are now changed to the more secure connectors
from TYCO electronics. This is due to the fact that the original headers for
the connectors to the devices were inadequate. The bare part of wires was
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Figure 3.139: Slave PIC schematic output module of Huggy Pajama Version
3
very exposed and this caused short circuiting which led to the burnout of one
of the slave boards. Another reason for the change is the loose connections
made the system very unstable and also hard to debug.
This part consists of Actuator board schematic design, Air actuator,
solenoid valve and air pressure sensor.
Mosfet
The N-channel enhancement MOSFET is used to drive both air actuator
and valve. When the PIC outputs a high towards the actuator board, a gate
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Figure 3.140: Slave PCB Comparison
Figure 3.141: Schematic for actuators portion output module of Huggy
Pajama Version 3
voltage of 5V turns the MOSFET on, allowing current to flow and power up
the actuators. The MOSFET is used as a switch while the PWM signal from
microprocessor is fed into the gate of MOSFETs, causing the MOSFETs to
turn on at a certain duty cycle. Hence, the air pumps will be operated
at certain duty cycles following the duty cycle of the PWM signal. The
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resistors are used to drop the voltage between the gate and the emitter.
Buffer
There is a possibility that the MOSFETs draw a large current due to
component failure, therefore the voltage follower is needed to drive the
MOSFETs in order to protect the microprocessor. In this design, the buffer
used is Hex Non-inverting Buffer from Fairchild. It has a large operating
voltage range from 3V to 15V and high source and sink current capability.
The capacitor here also used as a filter.
Pulse Width Modulation
PWM is a signal or power source that involves the modulation of its duty
cycle. It is used to either convey information over a communications channel
or control the amount of power sent to a load. Here, the PWM controls the
pumping and vacuuming speed. When the duty cycle is high, the pumping
and vacuuming will be faster and vice versa. This mode of actuation actually




Circuit with sensor at max
drain
0.52mA The switching capability of
QTC sheet is 0.1mA/sq
Idle without Blutooth 10.58mA Only PIC and multiplexer
was able to run
Circuit without Bluetooth
with sensor at max drain
133.3mA 8 LED bars were lighted up
Idle with Bluetooth 18-44mA Promi at TX mode con-
sumes 30mA
Transmitting with Blue-
tooth and sensor at max
drain
142-145mA Sensors were pressed very
hard
Table 3.20: power consumption for input module
The power circuit used the MAX1676 step up DC-DC converter. Although
this module does not required external diode, it is decided that an external
Diode should still be used in the circuit. Because according to MAXIM
datasheet, if an additional external Diode is presented, the start-up voltage
for the same load current will be lower [5]. With such design, the battery
choice was 2 cells in parallel Ni-MH rechargeable battery that give 1.2V
at around 700mAH. With the whole system in SLEEP mode, the current
consumption is around 4mA which means the fully charged battery can last
for approximately 175 hours.
Data transmission / Communication
Data transmission used for this prototype is also done wirelessly using
Bluetooth. Only slight changes in the software has been introduced to
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accomodate the type of data being sent for this prototype.
3.5.2.3.4 Software Architecture
Description of software on microcontroller for input
The software used for on the microcontroller for input for this prototype
is that same as the one for the QTC Air Arm band prototype. While
the hard ware has changed slightly for a new doll, the way that data is
transmitted on the input end remains the same.
Description of software on microcontroller for output
The whole electrical system is split into 2 parts, the master and the
slave. The master is in charge of reading in instructions from the computer
while the slave acts as the driver for the pumping actuation. Therefore,
both master and slave would have different set of instructions and codes.
These are shown in figure 3.142 and figure 3.143 respectively.
Master Board
Tasks
1. Read/Write serial data from computer (30 ms interval)
2. Output LED according to data from serial
3. Send/Receive I2C data (2 ms interval)
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Figure 3.142: Master Flow Chart output module of Huggy Pajama Version
3
Timing
The serial interrupt is triggered by serial communication from the com-
puter, which is sending out a signal every 30 ms. This is determined by
the software program for the input doll module. Since the data is updated
at such a high rate, it is pointless to broadcast the instruction at a lower
rate. Therefore, the master board will broadcast the signal with the correct





1. Read data from Master Board (I2C) (30ms)
2. Output LED according to the data received
3. Read air pressure in terms of voltage from the pressure sensor (2.727
ms)
4. Calculate and set PWM values according to PI control (PID in progress)
(60 ms)
5. Output measured air pressure values to Master Board (I2C) (30ms)
Timing
The timing is all based on the serial data that is sent from the computer
to the master board. The data that is being sent is in the packet form as
below:
A B C D E F G H I J K L
The blanks represent a digit each. This is used for setting the level of force /
air pressure to be actuated. Having two digits provide a resolution for up to
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Figure 3.143: Slave flow
100 levels. Each character in the packet actually represents a byte which is
8 bits. Therefore, one packet has a total size of 36 bytes = 288 bits. We are
transmitting at 9600 baud rate which would equate to a 0.03s time interval
between packet sending. This is assuming the continuous transmission of
data and no breaks in between 2 packets.
There are 3 different interrupts which are on different timing intervals.
As such, we need to properly arrange their schedule and their priority. I
set my priority in terms of the frequency of the interrupt the higher the
frequency of the interrupt, the lower its priority. Although this may be a
compromise on mission criticalness, I set the more critical tasks into the
slower interrupts, so that they will not be masked by the faster interrupts.
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• Priority 1: PWM tasks (60 ms)
• Priority 2: I2C bus data (30 ms)
• Priority 3: Read measured air pressure from sensor (2.727 ms)
Figure 3.144: Slave Tasks Timing Chart of output module of Huggy Pajama
Version 3
The PWM interrupt would mask the I2C interrupt every 60 ms by set-
ting the PWMs timer to a higher priority. In between the I2C and PWM
interrupts, the sensor interrupt would measure the values of the air pressure
inside the tubes. Inside the main loop, the average measured air pressure
would be calculated.
Averaging algorithm
The digitized sensor reading from the analog to digital module is fed
into the Moving Average Function to filter out the noise. Moving Average
is a technique used to analyze time series data. It serves as a software low
pass filter in signal processing, aims at filtering the signal spikes in analog
signal.
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Figure 3.145: Averaging algorithm
Basically, all the data is arranged in series. Using a window size of 10,
an average is taken and output to the microprocessor. In the next iteration,
the previous 9 data will be moved one step forward, and a new average is
computed with the newly input sensor data.
If a signal spike occurs in the sensor output, the averaged sensor output
is only affect by 0.3 as shown in the diagram above. Thus, it is effective
in filtering signal spikes. The sampling frequency is not affected because
all the data is moved forward in the array every time the air pressure is
sampled.
PID Control
The control system is a PID control system [11]. We chose this method
because it is relatively easy to tune and if we do not need the differential
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gain in our control, we can conveniently set the differential gain KD to be
0.
Parameters are defined as follows:









The error mentioned in the figure is the difference between the set-point
(user controlled) and the output, which is fed back to the system usually
via a sensor. In our case, it is an air pressure sensor, the MPX5050V.
There are 4 system dynamics which we are most interested in:
• Rise Time: The time it takes for the output to rise beyond 90% of the
desired set-point for the 1st time.
• Overshoot: Peak level compared to the steady state value.
• Settling Time: Time taken for system to reach steady state.
• Steady-state Error: Difference between steady-state output and set-
point.
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response Rise time Overshoot settling time S-S Error
Kp Decrease Increase NT Decrease
KI Decrease Incease Increase Eliminate
KD NT Decease Decrease NT
Table 3.21: Effects of KP, KI and KD
Table 3.21 summarizes the effects each control algorithm parameter
affects the four parameters we mentioned above. NT represents No definite
Trend or a minor change. The table is based on the effects of increasing the
parameters.
Parameters important to us would be the rise time and also the settling
time. This is because sometimes a touch or hug can be short and if the rise
time and settling times are long, the real touch or hug would past when the
system has not even applied the hug to the other user.
3.5.2.3.5 Discussion
Input Module
The output voltage from sensors of the input module follow closely the graph
obtained from the preliminary test. However, the digital signal obtained
after analog to digital conversion fluctuated and was not stable enough. This
create difficulty in obtain the accurate result for dynamic input. Hence, both
versions could only give output in term of ranges but not a precise value.
There were some reasons that explain this:
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1. Sensor assembly is not stable because the QTC Sheets were attached
to the body using just Scotch tape.
2. The connection from sensors to two analog multiplexers and from
multiplexers to PIC was not good. There were a lot of wire to board
connection made using digital signal line without proper grounding
and decoupling technique. This created potential noise problem.
3. The new Bluetooth module functioned well as the replacement of serial
cable. In this circuit design, using two voltage regulators at the same
was not necessary and not efficient. A new power supply design is
needed.
PCB Design Considerations
Since the final prototype PCB was fabricated by industrial standard
manufacturer, it has a different PCB design comparing to earlier version.
This prototype has a four layer PCB design. In this four layer PCB design,
digital noise was minimize by two separate power and ground plane. With
good quality dielectric material, the prototype has very stable performance.
Output Module
PID Control Problem
Essentially, the PID controller sets the PWM duties for the motors. When
actuating, a touch, one side of the pumps work to pump up the air pouch
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while the vacuum pump is idle. The converse is true when the touch is
removed and the pressure in the air pouch is released. This would lead to
a rather linear rise and fall time for the inflating and deflating of the air
pouches. However, there is a valve which controls the air flow. It acts as
a gate and is closed shut during inflation to allow the air to be trapped in
the air pouch.
This presents a problem when the other operation is actuated vacuum-
ing. The valve is actually a gate for the vacuum side of the pumps. When
the vacuum starts to operate, the gate will open. This causes a steep drop
in the air pressure read due to the mechanism of the sensor and how it
reads air pressure. However, there is a sudden release of air when the valve
is open and although not as steep as the ones shown in Figure 3.100 , they
would still be a sharp decrease in pressure.
Although it is not undesirable to have quick rise and fall of pressure,
due to the nature of the release of pressure, this is a part of the control
mechanism which is unregulated by the algorithm. Essentially, this means
that for a small portion of time, the system is not being controlled. It
may require the air in the system to be isolated from the air outside of the
system, a reworking of code to control the valve or both.
PCB Design Considerations
When design an embedded system like this, there is bound to be noise
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such as electromagnetic interference (EMI). EMI is noise generated by
sources external to the embedded system. These would include motors and
electrostatic discharges. In our case, the noise would be from the motor
pumps and the valves. One way to minimize noise is to minimize the cur-
rent loop area. By having polygon pours, the signal wires would be nearer
to the return wires, in this case, it would be the ground polygon. This way,
the magnetic fields generated by the currents cancel each other out. This
cancellation also reduces cross-talk between signal lines in digital systems.
Another method to reduce noise is to add a decoupling capacitor between
the power line and ground line. The capacitor will provide a path for noise,
which acts like a small-signal AC voltage.
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3.5.2.4 Huggy Pajama version 4 : mobile wearable suit prototype
In the previous iteration of the prototype, we developed a wearable system
that can actuate multiple areas on the upper body of the user according to
the different forces sensed on the input module. We have shown that the
hug giver can accurately perform a remote hug in real time, and this hug
is reproduced on the hug receiver by controlling the air pressures in the air
pockets of the wearable suit.
In this iteration, our aim is to mainly enable the wearable system to be
used in a mobile manner. The system is not wired to a stationary power
supply, and is powered by batteries. It has wireless communication that
can be paired with existing mobile phone devices to allow it to communi-
cate through the Internet. It has six instead of four air pockets to enhance
the user’s experience of the system. We also redesigned the hardware ar-
chitecture to reduce the number of electronic circuit boards to one master
board and two slave boards. The user’s location while using the system is
will not be inhibited.
3.5.2.4.1 Physical design and design considerations
We developed a remote hug actuation suit. It consists of an input module
that can sense different force levels on multiple areas. The output module
is a haptic suit that can exert touch force on different areas of the human‘s
upper body. We have demonstrated and validated the technical function-
278
ality of the remote hug actuation suit, solved problems of air leaks, and
developed a wearable system for remote hug communication.
However, there is one major function lacking in the previous version. In
order to persuade users to use the system, the system has to be mobile.
As explained in the motivation section of this thesis, people are becoming
increasingly busy and active in their lifestyles. The mobile aspect of this
system enables users to communicate by touch while on the move.
Besides that, there is a need to reconfigure placement of actuators, pneu-
matic connectors and tubing to optimize for comfort, wearability and neat-
ness. This is important to enhance the usability of the system, which in
turn contributes to enhancing user experience of the system.
From a technical standpoint, power remains a major issue. The previ-
ous prototype is powered by a AC-DC power supply connected to the AC
mains, but for the current mobile version, portable batteries need to be
used. The capacity of the battery to supply the required amount of power
is balanced against its size and weight. Disruption in power supply causes
digital components to malfunction, such as the Bluetooth communication
getting disconnected.
From the perspective of hug sensation felt by users, even though we can
control the air pressure in the air pockets quite accurately, the pressure is
not fully felt by the user due to the jacket not being fully fit to the body,
and also the air pockets inflated away from the body. We realized the need
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to have different sizes to fit various body types.
We also learned that the plastic lining made the wearer uncomfortable
and the jacket felt stiff. In so the current version, we need to fabricate the
individual air pockets and attach those to the fabric instead of the whole
plastic vest we had as the inner layer in the previous prototype.
Another problem we encountered is that the childrens jacket size is rel-
atively small. This poses problem in fitting all the different electronic and
pneumatic components to the jacket. Therefore we need to try and minimize
the electronics and circuits as much as possible and make it light weight so
that it is comfortable and convenient for young children to use.
These are the changes made to improve and solve the problems from the
previous version of the prototype.
• We reduced the number of motor pumps by using pneumatic mani-
folds.
• Instead of using a large number of smaller capacity pumps, we use
a slightly larger and heavier pump which can produce and maintain
higher airflow rate at higher pressure.
• We also redesigned the hardware architecture of the output module.
The pneumatic pumps and valves are controlled by the master board,
instead of the individual slave boards.
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• This essentially helps in the organization of our hardware and pneu-
matic components, reducing hardware, and therefore size and weight
of the hardware parts.
• Designed and made suits of different sizes catering to different users.
• Instead of having the full piece of suit covered with air proof material,
only the air pockets are sewn and integrated with normal clothing
type of fabric to improve on wearability and comfort.
The main objectives of this prototype are:
• Move forward from a plastic vest to a fabric vest that looked and felt
like a regular jacket but contained the electronic and pneumatic parts
to actuate the hugging system. It needs to be comfortable and soft.
• Make a fully mobile system. To do this we have to solve issues of
power, weight, hardware components placement and organization and
jacket design among others.
• Make the actuation suit more usable, effective and comfortable by
improving the fit of the suit
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3.5.2.4.2 System design
In this section, we describe the way the output module is designed. The
input module remains the same as Huggy Pajama version 3.
Design of the Output System
In the first attempt, this suit is constructed from a pre-made cotton
T-shirt and some felt. We have also used conductive fabric, yarn and metal
buttons to wire the circuits. Figure 3.146 is a picture showing the initial
prototype of the mobile version.
Two manifolds that allow three connections each are used in the suit.
They are connected to the pneumatic pumps and valves. The pumps and
valves are inserted into pockets made from felt and attached to the shirt by
buttons that also function as electrical conductors.
We encountered problems of wearability with this suit. The pneumatics
and circuits weighed down the suit and stretched the fabric. The configu-
ration of the tubes are not well thought out and created difficulty for the
wearer.
Also, the conductive fabric and yarn had too much resistance and hence
the circuits could not work due to large voltage drops.
Keeping the wires and tubes neatly organized and routed is an important
factor for wearability as well. Unorganized and loose tubes and wires make
it hard and uncomfortable for the user wearing the suit.
282
Figure 3.146: Initial prototype of Huggy Pajama version 4
Figure 3.147: Metallic buttons and conductive fabric as electrical conductors
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Figure 3.148: Pneumatic and electrical hardware parts on the suit, too
heavy and not well organised
Figure 3.149: Conductive fabric and yarn present a large voltage drop due
to high electrical resistance
284
The preliminary prototype is designed to improve wearability and served
as a learning prototype for us to improve on the non-technical designs of the
hugging suit. With the problems encountered in the preliminary prototype,
these are the requirements for the second suit:
• Light weight pneumatics and circuits
• Neat layout of tubes, connectors and wires on the suit
• Good fit of suit
• Spread weight of pneumatic and circuits on suit
We improved on different aspects of the suit based on the requirements
above.
In order to make the pneumatics and circuits lighter, we reduced the
circuits to a single master-dual slave configuration, instead of having four
slaves with each master circuit. We also used fewer air pumps of higher
capacity to effectively reduce the weight of the pneumatics. To make a
fully mobile system, we have to solve issues of power, weight, hardware
components placement and organization and jacket design among others.
For this prototype, we fabricated individual air pockets of different
shapes and sizes, to be sewn onto a custom designed suit. This is illus-
trated in Figure 3.153. This denim-based suit improves wearability and
comfort, while also making the pressure actuation more effective.
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Figure 3.150: New pneumatic pump and circuits
Figure 3.151: pneumatic parts
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Figure 3.152: Casing for hardware
In order to ensure good fit on users, the fabric should not be stretchable
so as not to deform due to the weight of the devices embedded on the suit.
The suit should also not expand outwards at the area of actuation. We
choose denim fabric as it is lightweight, comfortable and not stretchable.
We also attach tightening straps to ensure that the suit provides good fitting
for a range of body sizes and shapes as shown in Figure 3.154. Good fit is
important for users to feel the pressure actuation more effectively.
We have constructed casings to store the circuitry and pneumatics to
be mounted on the suit. This is done so that they will remain stable while
the user is in movement. Figure 3.155 shows the complete mobile wearable
suit on the user, with all the hardware attached.
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Figure 3.153: Custom designed jacket with individually attached pockets
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Figure 3.154: Tightening straps attached to the suit
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Figure 3.155: actual prototype Huggy Pajama version 4
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Figure 3.156: Huggy Pajama Version 4 ouput module block diagram
3.5.2.4.3 Hardware architecture
System Operation Description
The output module is similar to the previous. However, a slave now controls
3 air actuation modules instead of just one. The pressure sensor is also fed
back to the slave instead of the master. Hence the output module now
consists of one master and 2 slaves.
Output touch circuit design
The slave senses the air pressure in the pockets and controls the individual
valves. The slave also controls a pump and a vacuum which supplies air to
three air pockets.
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Figure 3.157: Huggy Pajama Version 4 ouput module circuit
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Figure 3.158: Software flowchart for master of output module Huggy Pa-
jama Version 4
3.5.2.4.4 Software Architecture
Description of software on microcontroller for output
The master is interfaced with the input module via serial port. It receives
data from the input module and decodes it and passes the data to the
respective slave.
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Figure 3.159: Software flowchart for slave of input module Huggy Pajama
Version 4




The development of the fully mobile version of the Huggy Pajama pre-
sented significant challenges. All the electronics and pneumatic parts have
to be embedded on the wearable suit, and powered by batteries. Initially,
we wanted to minimize the use of wires for connecting different modules,
for user comfort and aesthetic reasons. Our experiment with conductive
yarn and other methods used in wearable computing did not produce good
results. The large resistance in the materials used as electrical connectors
caused large voltage drops, and affects the reliability of the electronic cir-
cuits. In the end, we have to revert to using wires with robust strength to
ensure proper electrical connection of the system.
Another area that we improved on is the weight of the wearable suit.
A mobile system worn by the user should be as lightweight as possible.
We redesigned the hardware architecture such that we can control similar
number of output actuators, while reducing the number of circuit boards and
pumps. We found that we can reduce the hardware used by incorporating
the use of manifolds and through a proper software control algorithm.
Furthermore, we also worked on the effective pressure sensation felt by
the users. This is done by selecting proper fabric to be used for the suit,
and attaching the air pockets on the inside of the suit. We also realised that
we cannot create a one-size-fits-all suit. Therefore, we made suits of various
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sizes catered to parents and children. The suit should be nicely fit with
as little extra space as possible, but not tight on the body. We included
tightening straps for adjusting minor fitting issues.
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3.5.3 Summary
With the touch media experience from Pet Internet, the Huggy Pajama
is proposed, designed and implemented. It is an extended concept of the
Pet Internet system where touch communication is done between human
beings. The usability of the device is extremely important as the device
directly interact with human body. A wearable and mobile system designed
using air actuation modules is also difficult to achieve practically. Major
issues impacting the design of the system include power, weight and proper
fit. Initially, an air actuated haptic system to be worn on the body needs
to have a wearable suit which is properly fabricated to minimize air leaks.
We have demonstrated that it is possible to develop a system for remote
touch communication. The different prototypes are designed to overcome
technical and practical design issues in modular steps. They are also used
in user studies to obtain feedback on different aspects of the system as is







• Successfully made input module to take in force read-
ings, based on flexiforce sensors
• Made small and mobile input interface
• Made output module exert varying amounts of force




• Made a new input module based on QTC technology
• Made input interface more intuitive
• Achieved softer feel with air actuators




• Expand the output module from single to 4 air actu-
ated modules
• Improvement in circuitry robustness and control
• Output in the form of wearable suit on the upper
body
• Multiple inputs- multiple outputs system
QTC Mo-
bile suit • Improved wearability
• Improved fit of suit
• Improved time response of output module
• Upgraded suit from 4 air pocket to 6 air pocket
• Reduced the amount of hardware mounted on the
suitto reduce weight of prototype
• Solve power issues





4.1 Pet Internet system
4.1.1 Technical evaluation
4.1.1.1 Touch sensing module
After plenty of testing, the touchy data capture circuit is able to detect
the touchy accurately. By using the Adjacent Key suppression feature of
QT160, when a part is touched, the parts connecting to its 2 neighbor
channels are not detectable. This is illustrated in the Figure 4.1. So long
as Front side is touched first, then Left and Right wing are not detectable
no matter how strong the touch signal is. However, the Rear can still be
used to detect touch.
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Figure 4.1: Sensing pads allocation and connection
Discussion
Cross Talk
Cross Talk occurs when the electrical field created in one channel of the
capacitive touch sensor leaks to another channel. Most commercial capaci-
tive touch sensors are designed to have the sensing electrodes on the PCB
and not wired out from the PCB. The excessive charges along the wired out
electrodes are not offset by the sensors filter. Therefore, entanglement of
wires in our device causes cross talk to occur. In order to reduce the effect
of this problem, we have to ensure that wires are kept in fixed positions and
not allowed to entangle one another.
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Interference from Other Signal Trace
Capacitive touch sensor is extremely sensitive to the presence of any elec-
tric field in the vicinity of the circuit. Switching signals from other circuits
should be routed away from the sense traces and electrode to prevent inter-
ference. Under no circumstances should a noisy trace run close and parallel
to sense trace or run near or under an electrode. Initially, we made a mistake
by routing the serial trace near one of the sense traces, causing inconsis-
tent sensing performance. Ensuring the traces follow this rule is vital for
consistent behavior of the circuit.
Imbalance Key
Due to different wiring and trace length of electrode pads, sensitivity imbal-
ances among the different sensing channels occur. The four keys may thus
require balancing to achieve similar sensitivity levels. This is accomplished
by trimming the values of the four Cs capacitors to achieve equilibrium.
Modification
Based on the results obtained and by learning from the previous mistakes,
the final circuit board for touch sensing is designed. The outer casing is also
re-designed from acrylic to overcome the difficulty of mounting electrodes
onto the surface of the earlier chicken doll.
The following modifications are made to the existing circuit
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• Removed noisy signal traces near the sensing traces.
• Separated sensing traces further apart from each other.
• Added decoupling capacitors to adjust sensitivity levels
• Corrected some minor routing errors.
Comparison
Initial circuit Improved circuit













Table 4.1: Various Touch Sensing Methods Comparison Table
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4.1.1.2 Pet wearable touch actuation module
We have also provided a special pet jacket for transferring the user’s touch
to the pet. Therefore the pet can feel whenever its owner touches its avatar
on the office.
In the evaluation of the effectiveness of the touch actuation module,
it is important to verify that the actuations happen consistently with the
touches registered by the sensors. We performed a manual observation by
having a person touch each sensor repeatedly for 30 times, and another
person tabulating whether a touch results in the corresponding actuator
vibration. Table 4.2 displays the result of this test.





Table 4.2: Rate of successful touch actuation based on a sample of 30
touches
From table 4.2, we verified that most touches are registered and actuated
successfully. However, there are still a few missing actuations as seen by
the results from sensor 2 and sensor 3. These missed actuations can be
attributed to several factors. One of the reasons could be that the time
period between the current touch and the preceding touch is shortened,
and therefore both touches are interpreted as a single touch. Another reason
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could be that the touch is not registered on the input module.
Response time of touch actuation
Since the time taken from the moment we touch the pet doll to its data being
captured, transferred and reproduced at the actuation side is in the region
of milliseconds, we need a program to log and time the data. An alternative
is to consider that the system that we are developing is catered to humans
and pets. Therefore, the user’s perception of whether the response time is
acceptable is more important than an absolute value in milliseconds.
In using this alternative method, a simply user study was conducted on a
group of 30 people to determine their subjective evaluation of the response













People who have participated in and tried out our system experienced the
human-animal interactive symbiosis supplied by the system. They saw that
the doll moved in real time according to the chicken movement. Further-
more, through the touch interface, the participant stroked the doll and saw
in real time that the touch was transmitted to the chicken.
As will be detailed below, the experiments on our pet showed that it was
not irritated by wearing the jacket and it acted naturally with the jacket. In
response to remote touch with our system, it did not act as a linear constant
coefficient system but we found that it was very sensitive to the vibrotactile
actuator mounted on its neck. Most of the time when we tele-touched it
from the neck, it moved down its head in the direction of the vibration.
We have done a user study for our system. The interviewees were 31 stu-
dents (18 male and 13 female) in the age of 20-30 years old. They completed
our questionnaire after having some experiences with our system. The users
were asked to firstly interact with the chicken in the present conventional
remote method interaction with pets, a live webcam and monitor. Then
the users were asked to interact with the poultry using the physical doll.
The users were not given any time limit of interacting with the system. The
result of the user study has been summarized in Table 4.4.
The result of Question1 from Table 4.4 shows that most of the inter-
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viewers (84%) admitted that our system is better than current telecommu-
nication systems for pets.
As can be seen in the result of Question 2, 84% of the interviewers had
a feeling of presence for the remote pet with our system.
The survey shows that almost all interviewers like to be able to touch
and stroke their pets when they are out of home and their pets are alone
(see the result of Question4), and as can be seen from Question 3, it is
important for them to do that.
Although from the result of Question 5, 48% of interviewers did not like
their pets wearing a dress with electronic devices, but as can be seen in
Question 6 results, most of them (68%) believe that the pet will have a
pleasurable feeling and liked the remote touch using our system. Although
these results seem contradictory, users stated that due to the novelty of the
pet dress it would make them feel “oddness” or “unconventional” to put
it on their pet, even though most thought it would provide a pleasurable
feeling to the poultry. Thus, it seems that there is some contradictory
feelings in the users due to the novelty of the system.
Also the user study result shows that for most of the interviewers touch-
ing in more important to them rather than other kind of a kind of interac-
tion like watching of their pets through a monitor (Question 7). Our system
allowed the users to compare using the proposed system with a normal web-
cam system, as they could experience viewing the pet using a web cam and
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monitor only. Then they could directly compare the use of both methods
of interaction.
The data analysis showed that more than 10% of females than males
preferred their pets to wear such a jacket. At this stage we had not realized
the reason for the sex differences, and planned to study this deeper at a
later stage.
It was also important to us to test the feeling of the chicken in a scientific
manner. It has been shown that in animal welfare it is not necessary to
know exactly what an animal is feeling, but the important thing is to know
whether the animal feels bad or feels good [57]. Previously a good amount
of study has been done on investigating the major states of suffering in
poultry [59], but until recently there has little work on positive subjective
feelings in poultry and other animals.
However, there are established scientific tests to prove a chicken motiva-
tion (to pleasure) and avoidance of bad feelings. Avoidance of bad feelings
can be tested when the animal is allowed to choose between certain aspects
of its environment and assume it will choose in its best interests and wel-
fare. This is the preference testing method pioneered by Hughes and Black
who worked with poultry [79]. Hughes has used this method to test poultry
preferences for cage floor types, inside or outside environment, cage size,
and social conditions.
In order to test poultry motivation for pleasure, we must take an extra
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step. This is to measure the strength of preference of the poultry. In
poultry there are various methods to do this such as obstruction methods
[49]. However, we use the method of Duncan [58] which is to have a weighted
push door. This has the purpose of being related to nature, similar to the
push of a chicken through undergrowth to reach a goal.
Again, we would like to emphasize that for the user study conducted
with pet chickens, we claim that for this particular setting, given a choice
between a room where the pet would be touched remotely and getting vibra-
tion sensation, over another room where the pet would not be touched, the
pet prefers the room where the haptic jacket is put on to it, and vibration
sensation applied. In our work, we do not claim that tactile medium is more
or less effective for remote communication with a pet compared with audio
and visual media. The reason that we do not conduct experiments with au-
dio and visual media is because there are research done previously to study
interaction between humans and pets using audio and visual channels [37],
[84], [115].
In summary we do not want to replicate these studies. Furthermore we
would like to focus on the interaction between our remote touch system
operated by the human user and the pet.
We also find a need to clarify that in the study, the human user does
not intentionally try to navigate the pet chicken to the target cages feeding
area. Both rooms have food and water. The pet chicken also has the option
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of remaining in the corridor and not choosing to enter any room. The
motivation to enter the rooms should be purely arising from the chicken
itself and not through the human user.
Figure 4.2: The schematic diagram of our test system for experimenting
chicken preference (using the method of “Duncan”)
As shown in Figure 4.2 we created two 3×3m cages and one small 3×1m
cage interlinked with a push door one colored red and one blue. Each cage
contained the same food and water. This test can be described by the
sequence of pictures in Figure 4.3. In the beginning of every experiment,
the chicken is placed in a common corridor (I) with a blue door and a red
door leading to two separate rooms respectively. In both rooms, there is
food and water (II). If the chicken enters through the red door, it will be left
untouched. If the chicken enters through the blue door, the human user will
remotely touch it through the pet doll interface (IV). The chicken wearing
the haptic pet jacket will feel its owner’s touch (III).
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Figure 4.3: Test for poultry motivation
Over a period of 28 days (testing on two chickens separately) we placed
the chicken in the small cage. If it entered the red door it would be picked
up and we put the dress on it and used the system for 10 minutes. If it
entered to blue door, there was no picking up or putting on and testing the
dress. This was repeated 200 times (100 times per chicken) over 28 days
and it was found that 73% of the time the chicken would choose the red
door and 25% of the time the chicken would choose the blue door, and 2%
of the time not enter any door after 10 minutes. Thus we can conclude at
least there is no negative or bad feeling of the chicken by using the vibrating
dress for many periods.
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In order to test for positive feeling and pleasure in the poultry, we con-
ducted the same test with a heavier red door (a 500 g extra weight). The
same test as above found that 70% of the time the chicken would choose
the red door and 27% of the time the chicken would choose the blue door,
and 3% of the time not enter any door after 10 minutes. Although it is
a small decrease from the above results without the weight, we can safely
say that the poultry positively chose the red door, even though it contained
the weight, and found the system pleasurable (which confirms the results
previously given in [86] that the poultry positively reacts to touch.
It is important to note that for the user study conducted with pet chick-
ens, we claim that for this particular setting, given a choice between a room
where the pet would be touched remotely and getting vibration sensation,
over another room where the pet would not be touched, the pet actually
prefers the room where the haptic jacket is put on to it, and vibration
sensation applied. Previous research by the well known poultry researcher,
Duncan, has shown that touch is important and are motivated by touch [55].
Our user study with pet chickens is designed according to the methodology
for testing poultry motivation as reported by Hughes and Black in British
Poultry Science [80].
We would like to emphasize that we are only testing for poultry prefer-
ence of one option over another in our study. The methodology for testing
poultry preference has been clearly shown by Hughes [80]. As yet, we do not
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1-How do you compare this system with other remote
communication methods with a pet such as web cam
and phone?
Percentage
Much more better 32.26
Better 51.61
Almost the same 12.90
Worse 3.23
2- How acceptable is the representation of the pet by
a doll for you?
Percentage
Exactly like the pet being here 3.23
Almost gives the same feeling as a real pet 32.26
Gives a little feeling of the presence of the pet 48.39
I can’t feel the presence of the pet at all 16.12
3- How do you rate the importance of having a kind
of interaction with your pet when you are in the office
or school or on holiday and it is alone back at home?
Percentage
More than 75% 22.58
50% - 75% 51.61
25% - 50% 22.58
Less than 25% 3.22
4- Do you like to touch your pet when you are in the
office and it is alone in the backyard of your house?
Percentage
Yes. I really want to do it 25.81
Yes. I want but it is not a necessity 38.71
Yes. It is fine but not so important to me 35.48
No. I do not like it 0
5- Do you mind if your pet wears a dress containing
electronic sensors and devices?
Percentage
Yes. I like it 9.68
Yes. I don’t mind 41.94
No. prefer not 45.16
No. I won’t allow 3.22
6- Do you think your pet will have better feeling when
you remotely touch it?
Percentage
Yes. It clearly enhances its mood 12.90
Yes. I think it likes it. 54.84
No. I think it dislike it 29.03
No. It feels violence 3.23
7- If you are able to interact with your pet, what kind
of interaction is more important for you?
Out of 4
Touching 3.29
Watching it in 2D like web cam 2.97
Hearing it 2.06
See the movement of the doll in backyard as displayed
on the XY table
1.68
Table 4.4: The user study result for our system
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have a technology that can directly allow us to probe the minds of animals
to understand about their feelings and thinking. Unless we have that, all we
can test for with animals is their motivation. Therefore, using the method
of Hughes, we are only able to tell if the chicken prefers the haptic jacket
to be put on and vibration actuated on it, or otherwise.
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4.2 Huggy Pajama system
4.2.1 Technical evaluation
4.2.1.1 Touch sensing module
For Flexiforce sensor, the results showed a performance improvement using
the weighted sensor data interpolated location compared to the raw sensor
data alone. This software algorithm coupled with the mechanical design
considerations further improved the performance of the sensing device.
Before putting in the force strip onto the casing, an experiment is con-
ducted to test out its response in the latest prototype configuration. By
applying weights varying from 0 to 400 g, we plot Output Voltage vs Force
Curve. There are three circumstances in the experiment: weights at top
end, weights at bottom end and weight at the middle. All the tests are
taken out twice to ensure that the errors can be justified.
Although there are fluctuations of output voltage, the fluctuations were
kept to a certain range. The resolution is affected but with the requirement
of just sensing 3 levels of input, the low resolution is still acceptable for the
application.
Results
We manage to get permission to conduct our experimental analysis of the
sensors at the impact mechanics lab. The lab has tensile testing machine.
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Figure 4.4: Output Voltage vs Force graph for input module based on flex-
iforce sensors(Position: top end
Unfortunately we could not use the machine as it was meant for testing large
magnitude of forces ranging from 10N till 100KN. We therefore decided to
conduct our test using calibrated masses ranging from 10g-1000g and an
electronic mass balance.
Voltage output of the sensors without any forces applied = 0.3 -0.4V.
Figures 4.7 and4.8 show the voltage output of the sensors under different
amounts of force. For raw data, please refer to appendix D
Discussion
1. The experimental analysis verifies that the output voltage is inversely
proportional to the resistance of the sensors. As force is applied on the
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Figure 4.5: Output Voltage vs Force graph for input module based on flex-
iforce sensors(Position: bottom end
sensors is increased, the resistance drops and consequently the output
voltage rises as given in the equation above.
2. The experimental analysis also verifies the resistance vs force rela-
tionship provided in the manufacturers datasheet. It can be seen that
initially the resistance drops very fast as a smaller magnitude of force
is applied. The gradient of the slope eventually become less steep as
a larger magnitude of force is applied. Similarly in our analysis, we
obtained a stepper gradient for lower magnitudes of force (0N-2N).
The gradient became more gradual as the force increased.
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Figure 4.6: Output Voltage vs Force graph for input module based on flex-
iforce sensors(Position: middle
Figure 4.7: Plot of 3 individual Flexiforce Sensors
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Figure 4.8: Average Plot of Flexiforce Sensor Output
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4.2.1.2 QTC sensor module
The input touch sensing device that we developed exhibit satisfactory char-
acteristic for our purpose. We manage to embed the flexible QTC sensors
into a small and mobile doll design which promotes mobility for users. Fig-
ure 4.9 presents the actual measurement of the output signal from two
sensor samples (labeled sam- ple 1 and sample 2), which exhibits an al-
most linear characteristic from 0 to 6 newton (N) of input. When the input
increases from 6N, the sensor behaves like it has reached the saturation re-
gion. As stated in the QTC characteristics this was due to being reaching
the minimum resistance in the QTC sensor and explains more from the force
vs. resistance characteristics of the QTC. It also shows a very consistent
output pattern from the two samples. This indicates a good reproducibility
of the design.
Figure 4.9: Output Voltage vs. Input Force for QTC sensor module
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4.2.1.3 Servo-motor fabric winding actuation module
For the armband, the main concern is about the motor control. At this
point of time, we are able to control the motor to generate 3 levels of force:
soft, medium and hard. The response is not as accurate as expected. Fine
tuning in software by adjusting the current limit for certain force is required.
An experiment has also been carried out to observe the variation of force
over time. As force can be mapped one to one to current limit set and time
goes on when samples are obtained, instead of Force vs Time graph, we plot
sampled current vs force graph.
It is important to note that different speeds will have different current-
to-force mappings. The motor uses a faster speed for winding but uses an
extremely low speed for holding. In the graph, two force lines will be put
in for convenience of observing overshoot and transient.
The current-to-force mappings of the two speeds are shown in figure
4.10 and 4.11
The force or current variation curves are shown in figures 4.12, 4.13 and
4.14. They are set to wind up to generate 10 N, 20 N and 30 N of force.
The holding time is set to be 200 samples long. To correctly interpret them,
please follow the sequence below.
Sampled Current vs Sample Graph Interpretation Sequence:
1. The first portion of the sampled current which is before the first turn-
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Figure 4.10: Sampled Current-to-Force Mapping for Winding Force (PWM
signal of 1600us)
Figure 4.11: Sampled Current-to-Force Mapping for Holding Force (PWM
signal of 1515us)
ing point should be mapped to force by using winding current-to-force
mapping.
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2. The rest of the sampled current should then be mapped by using
current-to-force mapping.
3. The two parts has their own corresponding force line. Surpassing the
force line indicates overshoot.
Figure 4.12: Sampled Current Response for Winding to 1 kg of Force and
Releasing
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Figure 4.13: Sampled Current Response for Winding to 2 kg of Force and
Releasing
Figure 4.14: Sampled Current Response for Winding to 3 kg of Force and
Releasing
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4.2.1.4 Air actuation module
Objectives:
1. Determine volume of air pockets to be used
2. Determine speed of inflation from 0 to max for the different types of
pocket, using current motor
3. For current pockets used (blue jacket), determine (for each individual
pockets) transient response, steady state response, impulse response,
rise time
Measuring Volume of the air pockets:
After the user study was done on version 3 of the prototype, we realized
that we need to improve the response time of our system. Taking the initial
estimation we concluded that air actuation is the bottleneck of the response
time, and we should focus our energies on this aspect first. We did several
tests on the Huggy Pajama to have a better idea of how to approach this
problem. We started with measuring the volume of the air pockets in version
4 of the prototype. After several readings these are the final volumes of the




Figure 4.15: Shapes of Air pockets
Figure 4.16: Cloud shaped Air pocket
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Pocket No. Description Volume Readings (ml) Volume (ml)
1 Round 240 236 240 238.6666667
2 Cloud-small 243 250 256 249.6666667
3 dumbbell-big 307 305 305 305.6666667
4 Cloud-big 250 250 255 251.6666667
5 dumbbell-small 180 175 178 177.6666667
6 Butterfly-small 250 250 254 251.3333333
7 Butterfly-big 410 413 411 411.3333333
Table 4.5: Different types of air pockets and their maximum volume
Pressure inside the pocket 3 with a volume of 305 ml was used to analyze
the response time of air actuation of our system. This study also helped us
in studying the efficiency of our control system and what are the key factors
and reasons for delays and how our system can be improved. Considering
the delays in communication from input device, Bluetooth data transfer
time, network delays and processing time, and comparing these with the
time spent on inflating the air pocket, we can easily conclude that air ac-
tuation response time is the only significant delay in our system, the rest
being insignificantly small. We will study the delays in communication after
this experiment.
Details of Experiment
We setup the one air pocket, along with our control board and air pres-
sure sensor. Air was pumped in the pocked using several different pumps
and valves to study which is the key component responsible for delays. Dif-
ferent combinations of valves, pumps and valve base were used. Attached
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is a graph for the results achieved for one of the combination of motor and
valve. The green line shows the logic signal to start pumping in the air.
Whenever its 1 air is pumping in and logic low means the vacuum is active
and its pumping air out of the pocket.
Figure 4.17: Air actuation time graph
Results
The air actuation response time graph shows total time delay from the
time the signal is received to the peak time, which is about 14 seconds. The
initial plateau on the graph can be explained using Bernoulli’s principle
which states that for an in viscid flow, an increase in the speed of the fluid
occurs simultaneously with a decrease in pressure or a decrease in the fluid’s
potential energy. In our system air flows at high speed initially (3.2 l/m
@ 0 psi) and decreases as the pressure increases inside the air pocket. So
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we see low pressure initially due to high flow rate. Another factor for this
plateau is the limitation of air pressure sensor, which can not measure low
air pressures very accurately.
Discussion
The output module has a rise time of about 14 seconds. Using high
flow rate motors may help to reduce this time delay, but it will come with
a cost of increase in weight and size. We selected the motor with highest
efficiency in terms of flow rate, weight and size. In view of Huggy Pajama
being a system for soft, feeling communication, this time response may be
acceptable. Weverify this in the user studies section.
We describe the response characteristics of the output air actuation mod-
ule that we developed which reproduces touch and hug.
Figure 4.18: Step response at a rising edge of an input signal
Figure 4.18 shows the step response at a rising edge of a input signal.
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Rise time = 2.3s, Settling time = 4.3s and Percentage error = 6.25% are
some important characteristics of the step response. According the calcu-
lated values the system is able to stabilize at the settling point for a step
rise input. Figure 4.19 shows the step response at a falling edge of an
Figure 4.19: Step response at a falling edge of an input signal
input signal. Fall time = 1s, Settling time = 4.2s and Percentage error =
5% are some important characteristics of the step response. According the
calculated values the system is able to stabilize at the settling point for a
step fall input.
Therefore it is important that the system response is fast for this sce-
nario. This scenario has a faster response than the earlier case of change
from minimum to maxi- mum pressure. We could safely assume that reasons
such as non-air tight pouch, easier flow of air from high to low pressure, etc,
assists the reduction of the pressure inside the pouch faster, thus causing
this difference in the response time. The use of two-pumps configuration is
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justified here. In contrast, if the air is released under natural atmospheric
pressure to lower the pressure in the air pouch, the response would be too
slow.
The static response of the system is shown in Figure 4.20. The graph
shows the pressure input to the system (sensed pressure data) and the out-
put created by the air actuator system. The graph implies a linear rela-
tionship between the input and the output pressure. Therefore due to such
linear relationship the output can be made continuous instead of current
discrete 256 levels if desired.
Figure 4.20: Static response of output actuation modulel
The impulse response of the system is shown in Figure 4.21. This
ensures that the stability of the system to the external sudden disturbances.
The system responses with a heavy damp and re stabilize very quickly for
an impulse input.
In order to show that the PI controller is working for the full range of
pressure variations, we conducted a step response for 6 different pressure
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Figure 4.21: Impulse response of output actuation module
level changes. According to the graphs in Figure 4.22, it shows that system
is capable of obtaining and achieving the given set point within few seconds.
Figure 4.23 shows the arm band version of the first prototype where user
applying a force to the input device which is the design with a doll exterior
being tested in the form of an armband. Also shown is the corresponding
state of the air actuating output module. The red LEDs function as a visual
feedback on the relative amount of force being applied by user. Initially
when no force is applied, the air output module is at normal atmospheric
pressure, and the LEDs are not activated. As the force on the input device
increases, the air output module applies increasing pressure on the human
arm. This is achieved by pumping air into the air pouch until the pressure
feedback sensor shows the desired pressure.
Figure 4.23 shows one output module being tested in the form of an
armband. In Huggy Pajama system, there are 12 unique input sensors
which corresponds to 12 unique output modules. These 12 output modules
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Figure 4.22: Step responses for 6 different level variations of output actua-
tion module
Figure 4.23: Actual input force causing different pressures on the arm of
the user
are integrated into a pajama for the children. Currently, as the result is a
prototype with the need to fit all modules, we integrate them into a more
sturdy soft jacket-like construction. Figure 4.24 shows the Huggy Pajama
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actual prototype in action.
Figure 4.24: Huggy Pajama system overview
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4.2.1.5 QTC sensor assembly method evaluation
Figure 4.25 shows the performance of sensor asseblies without additional
fabric layer. For the performance of sensor assemblies with the additional
fabric layer, please refer to Figure 4.9 in a previous technical evaluation.
Figure 4.25: Performance of one sensor assembles using adhesive tape with-
out addtional fabric layer
For the design using additional adhesive layer, consistency is achieved for
different copies of the same design. This is because it is easier to replicate
the prototyping process when adhesive tape is utilized.The design without
an additional soft cotton fabric gives a very high slope plot of output voltage
versus input force. The output reaches its 90% maximum at only around 300
gram of input. On the other hand, the design with an additional adhesive




In our work, we do not claim that tactile medium is more or less effective
for remote communication between parent and child compared with audio
and visual media. We think that it is important to initially prove that there
is similarity between mediated touch and real touch in the way it affects
human response and emotions. Beyond that, we designed studies to evaluate
the users response of Huggy Pajama system and to provide guidelines for
future work in this area. The reason that we do not conduct experiments
with audio and visual media is because there are research done previously to
study interaction comparing audio, visual and tactile channels [115, 84, 37].
4.2.2.1 Psychophysiological study to compare emotion effects of
mediated touch compared to real touch
As detailed in the Previous Works section in chapter 2, despite many recent
works and development of prototypes, researchers are still unclear about
the impact of remote mediated touch relative to actual human touch. As
an initial step, our objective is to elucidate which aspects of human touch
have beneficial effects even when applied to remote settings and would thus
be critical for the design of such systems such that they can benefit remote
exchanges.
One aspect of physical touch that may be critical for remote mediated
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touch systems is the distance between the two interacting people. Some
researchers postulated that, since touch naturally happens only when two
people are close by, it is possible that physical proximity directly or indi-
rectly accounts for the effects of touch [44, 48]. This theory presuppose a
cognitive evaluation of physical closeness, which would then influence the re-
cipient in a top-down manner. This would imply that for humans to benefit
from touch exchanges, physical closeness is a necessary condition. However,
suppose that the inverse is true, that physical distance may be irrelevant
for touch to be beneficial. Touch would thus influence the recipient in a
bottom-up manner, through somatosensory experience. The implication is
that, rather than closeness being a necessary condition, remote mediated
touch would help create closeness to a distant person.
Another aspect of physical touch which we set out to compare with,
is the effect of touch on reducing physiological arousal. Researchers [53]
have shown that touch reduces negative reactions such as increased heart
rate, cortisol levels or limbic activity to concurrent and subsequent negative
events. Currently, it is still unknown whether remote touch would produce
a similar effect. If yes, it would imply both a similar effect between physical
touch and remote mediated touch, and that remote mediated touch has the
benefit of lowering physiological arousal in moments of stress and anxiety.
Thus, these two aspects of physical touch set the platform for us to in-
vestigate in this experiment. For the purpose of this experiment, a modified
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prototype of our Huggy Pajama system is developed, but modified to cater
to the constraints of the laboratory experiment detailed below. We refer
to this as the remote touch device. This is similar to the flexiforce Serov
motor arm band prototype.
In a pilot study, we compared heart rate responses to emotional challenge
across three conditions: participant alone, participant in the company of a
friend without touch of any kind, human touch by a friend. Already the
company of the friend reduced heart rate responses and a further reduction
of heart rate in the touch condition was non-significant. This suggests that
the perceived closeness to a friend modulates physiological arousal and that
touch may add only little to the comforting effect of the presence of a friend.
However, touch clearly represents an extreme form of closeness and thus
virtual touch created by the remote mediated touch device may overcome
the perceived distance to a friend and reduce physiological arousal without
that friend having to be present.
This study aims at investigating the effect of touch on current emotional
state. To this end, adult dyads will be invited to the lab. Dyads are simply
defined as pairs of people. They will be exposed to visual and auditory
sounds of emotional and neutral valence. The important questions that we
want to address are:
1. How does mediated touch have an effect on humans?
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2. How important is the context of touch in mediated touch scenario?
3. What is the difference in the results of these experiments for physical
touch and mediated touch?
For this purpose, a prototype of a pressure armband actuated by air was
built, which is a hardware block of our present Huggy Pajama system, but
modified to specifically conduct the laboratory experiments detailed below.
To conduct the experiment according to the above framework of questions,
we first detail the hypothesis of the experiments. Our hypothesis is that
computer mediated touch has no difference with real touch in terms of
touch sensation, warmth and trust. Human touch is an important means
of which humans communicate with each other. Human touch has effects
on a persons emotional state and sense of well being that are cognitively
mediated. Since the Huggy Pajama is offered as a surrogate to the direct
beneficial effects of human touch, this experiment is designed to compare
the effects of a Huggy Pajama prototype with that of direct human touch
in situations of varying degrees of physiological arousal.
Description of experiment
This experiment will involve two females. One will be the participant
and her friend will accompany her for real touching and sending hugging
signals. We are using 64 active electrodes with the help of a head cap on
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the participant to get the EEG data. Precautionary steps like removing all
metallic parts inside the EEG room has been done to reduce the noise level.
In the touch sensing part, QTC touch sensors are used to get an accu-
rate linear touch sensing information. Real time touch data is plotted in the
experiment setup room PC and it monitors the touch/no touch threshold
values. As for the output actuation part, an armband is gently wrapped on
the participants arm, and this armband is slightly lifted by a rope hang-
ing from the ceiling to prevent the weight of the armband resting on the
participants arm.
Participants were seated in a comfortable chair facing a computer moni-
tor at a distance of 0.8 m. They were told that they would see a sequence of
pictures and that they should simply attend to those pictures. The exper-
iment consists of three blocks of trials during which the seated participant
will view pictures presented serially onto a computer screen. The pictures
will be either emotionally unpleasant and highly arousing, or neutral in va-
lence and low in arousal. These pictures (60 emotional and 60 neutral per
block) are taken from two standardized and validated databases of pictures
(IAPS and Ekman). The presentation of these pictures will be pseudo-
randomized. The three blocks are:
• In the friend touch block, touch was applied by and attributed to
the friend. This is the control condition in this experiment where
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the friend applies real physical touch on the participant, instead of
through the remote touch device.
• In the remote friend touch block, touch was attributed to the friend
but applied by the remote touch device. To this end, the participant
was alone in the test room with the remote touch device attached to
her forearm. She was told that her friend, who was outside the test
room, initiated the inflations of the device.
• In the computer randomized touch block, the participant was alone in
the test room and told that the inflations of the remote touch device
were computer initiated.
During each block, participants passively viewed a pseudorandom series of
negative and neutral pictures [101]. Touch takes place concurrently with
half of these pictures. A touch trial started with a fixation cross, which was
replaced by a picture three seconds after tactile pressure was established.
The picture disappeared after two seconds and a signal was sent to remove
touch 4.26. No-touch trials also started with a fixation cross. After three
seconds, the cross was replaced by a picture, which remained on the screen
for two seconds after which the trial ended. The presentation of touch and
no-touch trials were randomized.
Preceding the experimental blocks, a practice block was carried out. In
this block the friend was instructed on how to carry out the touch. He/she
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Figure 4.26: Timeline of events for user experiment
was asked to place his hand on the participants forearm with the upper part
of his palm touching the pressure sensor. Pressure values of 20 successive
touch trials were recorded and analyzed subsequently for mean and standard
deviation (s.d.). These values will be used to adjust the pressure of the
Huggy Pajama armband. The pressure had to randomly reach a value
within the s.d. range such that the armband pressure mean matches the
friend touch pressure. The temporal delay between the touch cue and the
touch execution was used to adjust the temporal delay between fixation
cross onset and picture in the no-touch trials and the Huggy Pajama touch
trials.
During the experimental blocks, we monitored brain activity as well as
gathered peripheral physiological measures such as heart-rate. These will
be the dependent variables that we will analyze for differences in a three
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(friend/remote friend/computer randomized blocks) by two (touch/no touch
trials) by two (emotional/neutral pictures) within-subjects design. We chose
this method as subjective data alone is often difficult to interpret, because
it is influenced by the participants tendency to conform with what they
think a study should show. Perhaps more critical for the present study is
that emotional responses are typically very short-lived and not accessible
to introspection [119]. Therefore, it is advantageous to use objective data
that is independent of the participants cognitions or beliefs.
Participants description
We have selected female participants for this experiment because females
are known to be more responsive to social and emotional stimulation [23].
This is important because as we compare the remote mediated touch to real
touch, we sought to investigate a sample that would likely show responses
to touch and the emotional pictures. All participants were accompanied by
their close female friend. The friendships had an average duration of 20.8
months (SD = 27.6). Participants were asked to rate how close they felt in
their relationship towards their friend on a 7-point closeness scale ranging
from 0 (not close at all) to 7 (very close). The obtained closeness scores
averaged to 4.67.
Sixteen pairs of young women and their female friends participated in
this study. The participants ranged in age from 19 to 27 years and they had
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normal or corrected to normal vision. None reported auditory perception
deficits or psychological disorders.
Data analysis
EEG data were processed with EEGLab [50]. The scalp recordings
were re-referenced against the nose recording and a 0.5 to 20 Hz bandpass
filter was applied. The continuous data were epoched and baseline corrected
using a 150 ms pre-stimulus baseline and an 1000 ms time window starting
from stimulus onset. Non-typical artifactual epochs caused by drifts or
muscle movements were rejected automatically. Infomax, an independent
component analysis algorithm implemented in EEGLab, was applied to the
remaining data and components reflecting typical artifacts (i.e., horizontal
and vertical eye movements) were removed. Back-projected single trials
were screened visually for residual artifacts.
Results
Participant responses to tactile stimulation and subsequent pictures were
assessed through heart rate (HR) and the electroencephalogram (EEG).
Statistical analysis of HR traces time-locked to touch onset indicated a
reduction in HR for touch relative to no-touch trials that lasted until three
seconds after the signal was sent to remove touch. Specifically, the first
(F [1, 23] = 17.4, p < 0.001) and second (F [1, 23] = 5.6, p < 0.05) 4-second
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time bin following touch onset revealed a significant effect of touch (see
Fig. 4.27).
Given that the touch effect was comparable across blocks (non-significant
interaction of block by touch F [1, 23] = 0.2, 1.5, p = 0.77, 0.22) one can
conclude that it was the result of bottom-up rather than top-down mech-
anisms. If it were entirely top-down, we would expect the effect to exist
only in the friend and remote friend touch blocks (that is if comfort from
touch comes only through participants’ interpretation of the tactile stim-
ulation). However, because we get the effect regardless of block, we show
that interpretation of tactile stimulation plays no role in the effect of touch.
Figure 4.27: Heart rate traces for touch and no-touch trials averaged across
blocks and picturest
Discussion
We set out to investigate two aspects of touch. One is the hypothesis that
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touch influences the recipient in a top-down manner, thereby requiring phys-
ical closeness for recipients to experience the benefits of touch. The other
hypothesis is that physiological arousal cannot be reduced or is not affected
by remote mediated touch. The present results rejected both hypothe-
ses with significant confidence. In addition to showing that touch reduces
physiological arousal, they show that this effect is independent of physical
closeness to a friend or the type of touch (friend, remote-friend or com-
puter randomized touch), but is instead induced by bottom-up processing
of somatosensory information. Previous research has also proposed that it
is possible that emotional aspects of touch are mediated in a bottom-up
manner [71]. Another work [88] utilizing a fingertip stimulator also sug-
gests thats that simple haptic stimulation can carry emotional information,
which does not disagree with our findings.
The results are promising for work in remote mediated touch systems
in that we might be able to represent or reproduce a physical touch re-
motely and achieve the same feeling in humans, and perhaps comparable to
when they are physically touching each other. We are encouraged that this
knowledge supported the research in the area of remote mediated touch for
communication.
Though we cannot yet make absolutely concrete claims that remote me-
diated touch can be a direct substitute for real physical touch, it nevertheless
gives some scientifically positive indication for its use in such scenario.
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4.2.2.2 User study for haptic armband
We believe that the meaning of touch is shaped by context. Context for
touch may be divided into three categories with different time-scales of
influence. At the longest timescale, culture, personal styles, and the cul-
turally defined appropriateness of behavior in specific places (e.g., touch
in bedrooms with closed doors have different meaning than similar touches
in an open hallway). Secondly, the characteristics of personal relationships
contextualize touch between people, but these relationships grow and trans-
form constantly. Third, even within constant culture and relationship, the
meaning of touch changes moment by moment, typically contextualized by
the content of a verbal channel. The selection of the contextualizing modal-
ity and the manner in which it is conveyed is a critical consideration in the
design of remote touch systems.
Design Guidelines
We address design to support the third class of contextualization: moment-
by-moment context. We advance two design guidelines: 1. The touch chan-
nel should be coupled with a verbal communication channel; and, 2. No
pre-defined symbolic meaning is assigned to digitally mediated touch inter-
action the users are free to construct their own meaning. By not assigning
any explicit meaning of touch interaction, we expect to be able to study
how people use touch as an immediate channel to communicate.
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Target Touch Interaction
The design space of mediated touch is huge and the design dimensions
include touch locations, patterns, duration, force, heat and so on. As a first
step, we choose holding/squeezing an upper arm as our mediated target.
There are two main reasons: first, upper arm is a more public body area,
i.e. Non- Vulnerable Body Part (NVBP) [87]. People in different relation-
ships from spouse to friends have been shown to be comfortable in conveying
emotions by the upper arm touches; second, the meanings invoked by touch-
ing the upper arm are relatively rich. By varying force and duration, the
upper arm touches can convey appreciation, support, affection, compliance,
attention- getting, announcing a response, greeting, departure, and numer-
ous hybrid meanings [87]. Hence, an upper- arm design will allow us more
degrees of freedom to study how people in different types of relationships
convey different meanings by holding others armband in a digital mediated
manner.
Remote Social Touch Device
Each user wears an armband and has an input squeeze device that are
both linked to and controlled by a microcontroller board. A PDA commu-
nicates with this board via Bluetooth. When the user squeezes an input
device, its associated PDA receives the pressure signal and transmits it to
the paired PDA that, in turn, activates its connected armband. Depending
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on use configuration, the contextualizing channel is provided by Voice over
Internet Protocol (VoIP) or text chat.
Perception Study
We conducted a perception study to determine the efficacy of the device
as a touch transmitter, using the devices as shown in Figure 4.28. 22
participants (10 females, 12 males) are recruited through several university
mail-lists. 12 participants from age group 18-24 yrs old, 8 from age group
25-29 and 2 from age group 35-39. Each is compensated with 10 USD for
their participation.
Figure 4.28: Squeeze input interface and output armband interface
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Procedure
In this study, we evaluate users’ perception of squeezes produced by arm-
band. The armband was set to provide three different levels of force (10N,
20N, and 30N) at four different rise times (0.2s, 0.4s, 0.6s and 0.8s), thus
producing 12 different combinations. Rise time is defined as the time arm-
band takes to go from 0N to target force.
Each female participant is asked to experience two column and two rows
of touch combinations. Each male participant is asked to experience one
column and one row of combinations. This difference is because in the early
recruiting stage we did not get enough female participants. To balance
the data, we asked all female participants to experience twice the number
of touches as experienced by our male participants. Our later recruiting
efforts proved more effective in identifying female participants, bring our
total of females to 10. However, to keep the study consistent, we kept the
touch number for females the same. When participants receive each touch,
they are asked to rate the force level as: Hard, Medium and Soft, using
their sense of social attention- getting human squeeze as the baseline. The
question we investigate is how different levels of force and different rise
time affect user’s perception. At the end of this session participants are ask
about the devices noise level and to compare the experience of the squeeze
produced by the device to a real human squeeze.
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Results
100% of users agree or strongly agree that they can easily feel the
squeezes they are assigned to experience. 86.4% of users report that the
squeeze is similar to human touch, although they can feel a difference.
We coded user rating of force levels Hard, Medium and Soft as 3, 2
and 1. We analyzed the data using a one-way ANOVA, taking force levels
or rise time conditions as independent variable and users’ force rating as
dependent variable. We compared users’ rating with different force levels
when holding rise time constant and with different rise times when holding
force level constant. The results show that for female participants there
is statistically significant difference in their rating among 10N, 20N and
30N squeezes at the same rise time. This holds true across all rise time
conditions: 0.2s, 0.4s, 0.6s and 0.8s (p<0.05). For male participants, we
found significant differences for the three forces at 0.2s, 0.4s, and 0.6s. At
0.8s, the ratings of male participants for the different force levels approached
(p=0.08), but did not reach significance.
However the results did not show the significant difference in users’ rat-
ing of hardness perception across rise times when the force is held constant.
This means that users’ perception of force in range of 10-30N does not vary
with how fast the force is applied in the range of 0.2-0.8s.
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This is interesting because in our previous evaluation of early SMA pro-
totype, users reported that they could feel the touch when it is applied
slowly. However they reported they could feel the touch when the same
force was applied quickly. One possible explanation to the difference is that
the force levels (10N-30N) exceeds the threshold of easy touch human touch
perception, such that the rise time variation did not make much of a differ-
ence in force perception. We posit that rise times become more important
as the maximum force levels fall. This analysis is supported by the fact
that 100% of our participants report that they can easily perceive the touch
under all conditions to which they are assigned.
Conclusion
We designed and implemented a touch transmission system using a ser-
vomotor actuator embedded in an armband and a smart phone case em-
bedded with two force-sensors. A usability study in term of perceptibility
shows that 100% of users can feel the touch easily and 87.4% of users agree
that the upper arm squeezes are similar to human touch although they can
distinguish this from a real human touch.
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4.2.2.3 User study for huggy pajama
We conducted an exploratory user evaluation to investigate the following
four questions:
1. How do users perceive the physical sensations from Huggy Pajama?
2. Which would users prefer for a hug interface: pressure or vibration
actuation?
3. How effective is Huggy Pajama in increasing the sense of connected-
ness in remote communication?
4. What is the general level of user acceptance of the Huggy Pajama?
The purpose of the user survey is to gather user feedback on Huggy Pajama
to investigate usability problems and also to guide future design of our
system. This evaluation helps to concentrate efforts in the design and use
of the prototype, and gather users feedback pertaining to user preferences,
usability, and aesthetic choices to understand the users’ needs.
In psychology, usually the focus of experiment is very narrow, and in
a very controlled environment [110]. It is very important to have tightly
controlled variables, while ensuring only measured variable and the inde-
pendent variable are changing in the experiment.
For our purpose, we wanted to have some scientific evidence in support-
ing the case for mediated touch. Therefore, we designed and conducted a
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fundamental experiment comparing the effect of mediated touch with real
touch among pairs of female friends. The prototype device used for this
experiment is an armband that actuates pressure on the forearm of the
participants, using pneumatic actuators.
However, the final Huggy Pajama prototype is a complex system with
6 independent pneumatic actuators, and a wearable jacket to be worn by
the user. This jacket is to be used in a non-lab setting. The combination
of these factors make the final prototype unsuitable to be evaluated using
a tightly controlled psychology-based experiment. Instead, we adopt user
study methodologies from Human Computer Interaction [45] and self as-
sessment methods advocated by psychology researchers to evaluate Huggy
Pajama [34].
Description of survey
In this evaluation, we asked two groups of participants to provide their
feedback. One group consists of five pairs of parent-child participants, while
the other group consists of five pairs of friend participants, five men and five
women. The parent- child group is a more focused group, while the friend
participants would provide a more general feedback. The main methods of
our evaluation are observation, survey questionnaire and informal interview.
The pairs of participants had individual sessions. Each session lasted
approximately 45 minutes. Initially participants were asked about their
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backgrounds, remote communication practices, how often they hug in a day
and the amount of time they spent with each other in a day.
The participants were given the Huggy Pajama input and output mod-
ules, had their functionalities briefly explained and were then shown a
demonstration of how to interact with them. The participants were then
asked to familiarize them- selves with the interface until they felt satisfied.
This was followed by a period during which the participants were asked
to communicate with each other based on a remote scenario for 15 min-
utes without any instructions or interruptions. They were asked to imagine
scenarios where child is abroad on students exchange program or parent is
quarantined in the hospital. They were allowed to communicate by Huggy
Pajama and by voice (using Skype). The participants were then asked to
communicate for another 15 minutes, this time with the pressure-actuated
module replaced by a vibration-actuated module. The participants behav-
iors were recorded by video and observed throughout the sessions.
At the end of the sessions, the participants were asked multiple ques-
tions. The questions are presented below with our hypotheses as well.
User Evaluation Questions
The user study questions and hypotheses pairs are as follows:
1. Perception of hug sensation Question : How do users perceive the
physical sensations from Huggy Pajama? Hypothesis : Users will generally
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perceive pressure sensations similar to hug and associate them with feelings
of warmth, comfort, trust, security and familiarity.
Example question : How would you describe the sensations you just
experienced to someone who has not experienced them?
2. User preference of different stimuli Question: Which would users
prefer for a hug interface, pressure or vibration actuation?
Hypothesis: Users will generally prefer pressure actuation. Presented
with both pressure and vibration actuation in the hug reproduction inter-
face, the former will be more opted as it presents a calm feeling and is closer
to a natural hug sensation.
Example question: Given both pressure and vibration versions of the
hug reproduction interface, which version feels closer to a real hug?
3. Sense of connectedness Question: How effective is Huggy Pajama in
increasing the sense of connectedness in remote communication?
Hypothesis: Users will generally feel a significant increase in the sense
of connectedness when Huggy Pajama is used for remote communication
between loved ones.
Example question: On a scale of 1 to 5 (5 being the best), how would
you rate Huggy Pajama in helping to improve the sense of connectedness
between you and your loved one?
4. User Acceptance of Huggy Pajama Question: What is the general
level of user acceptance of the Huggy Pajama?
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Hypothesis: Users will show positive response to the use of Huggy Pa-
jama in remote communication with their loved one, as they feel that such
a system will improve emotional communication and therefore relationship
with loved one.
Example question: Would you use Huggy Pajama in actual communi-
cation with your loved one? In what situations would you use it?
After conducting the experiment, results were generated and analysed.
In our study, the empirical measurements obtained from the experiment
were able to facilitate the understanding of user needs, wants and usability
problems of Huggy Pajama and be used as a form of feedback to guide the
design of haptic communication system. After the analysis, we can under-
stand if users achieve their intended goals. For example, Huggy Pajama is
able to improve the sense of presence among the paired users. On top of
that, sub-goals such as finding alternative means to express ones concern
and to make one feels better during communication can also been identi-
fied. The potential users and the context of use of Huggy Pajama can range
from parents with young children in the childcare center to parents of young




Generally, participants did not have difficulty in using the Huggy Pajama
input and output modules. All of them were able to perform the task of
communicating with each other using Huggy Pajama and voice (through
Skype). We were able to extract some instances where Huggy Pajama was
useful in a remote conversation. A few participants, right before the end
of the communication, gave each other a remote hug through the interface,
which they thought was a good way to say goodbye. One child participant
hugged her mother when her mother told her that she missed her.
Usage of interface
Most participants (90%) did not encounter difficulty in understand-
ing the functionality of the system and its respective input and output
modules. One concern that two participants expressed were that there
was no way for them to know how well the hug is felt by the hug re-
cipient. However, one participant felt that the input device was too
small. This is due to the expectation that hugging a small device
should be similar in feel to hugging a small teddy bear doll.
Perception of hug sensation
Most participants (85%) felt a pressure applied on their body and
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reported that it gave them a feeling of someone physically connecting
with them. A couple of participants felt a warm and comfortable
feeling when the output module is actuated. One participant felt that
the pressure is a little too soft at times compared to a real hugging
pressure.
User preference of different stimuli
Overwhelmingly, when asked which stimuli they prefer that feels more
like a real hug, all but one participant (95%) preferred the choice of a
pressure-actuated Huggy Pajama to the vibration-actuated one. Most
of them felt that the pressure-actuated version re- produces a sensa-
tion on a larger and more uniform area on body, while the vibration-
actuated version felt localized and uncomfortable. Some participants
(65%) even commented that the vibration feels ticklish. There were
also comments that the pressure version felt more calm and comfort-
able. The sole participant who did not choose either commented that
a hug consists also of smell and warmth.
Sense of connectedness
Some 80% of participants reported a significant increase in the sense
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of connectedness, with benefits such as improving remote communica-
tion, having a better way of expressing concern, and having a better
way of making the other party feel better. One particularly en- courag-
ing child participant was quoted as saying, When my mother told me
she misses me, I could hear the emotions in her voice. I really felt
that I was hugged by her, and not by a technology device.
User acceptance of Huggy Pajama
All but one participant (95%) believed that Huggy Pajama would help
them to improve their emotional communication with loved ones, and
would use it in an actual scenario. Participants who would use Huggy
Pajama indicated during the debriefing session that they would use
them when they are abroad and would like a hug from their loved
ones, when it is not physically possible to hug, and when they are
remotely separated from and are missing their loved ones.
Overall feedback and suggestion
During subsequent discussions with the participants, we found that
most of the participants typically do not make a habit of hugging
their loved ones. Huggy Pajama has the potential to change this by
providing a means for parent and child to express themselves. For
example, in the case of a father and daughter pair, they do not hug
each other in their daily lives. However, they were strongly advocating
359
the use of Huggy Pajama in their daily lives. For them, mediated hug,
though not real, is better than no hug at all.
Discussion
Participants seemed aware of the potential of this novel haptic communi-
cation system, and suggested contexts that Huggy Pajama would be useful.
Most suggestions involve scenarios where participants cannot be physically
together with their loved ones, for example while away on business trips
or at work. Some even suggested that such a system could be used for
non-emotional communication for example to communicate with each other
while playing multiplayer online games. It shows that this system can easily
extend to other interactive applications.
Currently, we acknowledge that the form factor for the input module
could be improved. We realized from this evaluation that users’ expectations
of a device for them to hug arose from their experiences of hugging teddy
bear dolls. The important design considerations include the size of the
device, softness, texture and shape. We are currently revising the design of
the input hug sensing module to improve the user experience.
Some obvious limitations with the current system that impact user ex-
perience include the sensation of warmth and smell. As a next step, we will
be conducting a study to investigate the effects of coupling warmth to the
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current physical hug sensations following the results of the studies presented
here.
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4.2.2.4 Huggy Pajama user study with parent and child
In this user study, we intend to analyse users’ perception of hug force. This
will help us to calibrate the system to actuate a more realistic hug. We also
want to evaluate users’ affective states when they use the system to find out
if the system induces positive emotional affect on the users, as a real hug
would. In addition, we would like to find out if the use of the system allows
the users to feel physically closer to each other.
Sample
Only parent and child pairs were accepted as user study participants,
since the system is designed for the use between parent and child. Restrict-
ing the nature of relationships between the participants would narrow down
spectrum of possible emotions experienced by the users during the experi-
ment. This would make the analysis of emotions (or rather the phenomena
of emotions) more feasible.
The sample consists of 25% female female pairs, 25% male female pairs,
25% female male pairs, 25% male male pairs. Only children aged 9 to
12 are recruited. children aged 4 to 7 or 8 have a tendency to answer in
order to please adults and not express their own opinions [31, 30, 95].We
have observed such behaviour in pilot studies where the child looks at the
adult everytime he/she answers a question, as if looking for clues to the
right answer. Children with more years of education also produce more
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reliable results [30]. Some observations in pilot studies, younger children
tend to enjoy the system more than the older children. For example, when
the pilot study is being conducted with a pair of users, the young children
would crowd around in curiosity and often ask to try squeezing the doll. We
believe that the positive affect on the younger children is due to the novelty
of technology. Older children would have had experience with technology
such as cellphones and computers and hence are more critical of the system.
The mean age and standard deviation for parents are 44 and 5.22233
respectively. The mean age and standard deviation for children are 10.5
and 1.16755. the study was conducted over the course of three weeks.
Hypothesis
Below are the hypothesises that we are going to evaluate in the user
study.
1. Users perceive that hug force from Huggy Pajama falls into normal
human hug force range.
2. Users have positive affective states when they are using the system




The user study begins with a short questionnaire that collects back-
ground information on the participants. this information will help us in the
analysis of the data collected subsequently. They are also asked on their
opinions of remote hugging via open ended questions. Participants may
express themselves verbally.
Participants are then separated in two rooms each with a researcher.
Participants are not able to make direct contact with each other. They then
go through 6 trials of hugging while imagining certain scenarios. During a
trial, they are asked to send a hug to the other party by squeezing the doll.
They are notified by the researcher, before they receive a hug from a system.
Participants are made to believe that the hugs actuated by the system is a
result of the other party applying pressure to the doll in the other room.
In actuality, the researcher is in control of the system. Unknown to the
participants, there are 3 different levels of hug force being actuated during
the 6 trials. The sequence of the force levels are randomized among the
participants and repeated once. The repetition is done to facilitate the use
of test re-test reliability.
For each trial the participants are asked to complete a task in order to
describe the hug they have just received.
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Figure 4.29: Scale on which participants work on
For the task, they are required to place alphabets representing the hug
that they have just received, on the box that best describes how the hug feels
to them. There are 5 rows of boxes which represent likert scale questions
and ranking scales. For usability questions, the ASQ format was used [93].
For children, we intentionally labeled all points on the scale to make it
clearer [29]. We designed this part of the user study to be task oriented to
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ensure that we hold the childrens attention since 6 trials can be very lengthy.
This has proven to be rather effective as we did not experience any children
asking to leave in the middle of the study. It was a problem we faced during
the pilot study. For the duration of the 6 trials, the participants are asked
to place the alphabet representing their favourite hugs into the heart. They
are allowed to place any number of alphabets into the hug.
After this, the participants are emotionally evaluated. Their favourite
hug is sent to them again. In the event that there are multiple favourite
hugs, the participants are asked to pick one. For this part of the experiment,
the participants also made to believe that the hug is sent by the other party
in the other room. A self assessment manikin(SAM) was use to evaluate
their emotional affect. This is a technique developed for populations that are
not linguistically sophisticated such as children [35]. It has been used with
successfully with children in health care [102]. The SAM is supplemented
by an interview that asks the participants to describe their feelings during
the last hug.
The user study concludes with another short questionnaire, consisting of
scale questions, which helps us evaluate if the system encourages the users
to hug in real life more often.
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Results and discussion
The ordinal data from the six trials are tested for test retest reliability. If
they users are able to differential between the force levels delivered by the
system ideally, they would ideally be able to pick out which 2 hug levels are
the same. Thus, a high correlation between the scores obtained from trials
with the same hug level is expected. Below are the Pearson correlations
obtained from the relevant data in the hug trials.
soft medium hard
parent 0.398 0.282 0.614
child 0.215 0.15 0.469
For a retest that was done within the same session, the Pearson correla-
tions are very low. This seems to suggest that the participants are incapable
of distinguishing between the different force levels delivered by the system.
However, one must remember that we did take steps to ensure that distin-
guishing between the levels will be hard. For examples, users were unaware
of the number of force levels were delivered. They were also not informed
that there will be different force levels to be actuated although that may be
intuitively assumed.
Although the participants were unable to distinguish between the force
levels, they exhibited signs of being able to detect difference between the
hug force levels. For the favourite hug item, excluding those whom chose to
respond none as their favourite hug, participants 56.25% of them indicated
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one or both medium hugs as their favourite hugs. 12.5% of them indicated
hard hugs as their favourite hugs, and 6.25% indicated soft and medium
hugs as their favourite hugs. 18.75% of them indicated all hugs to be their
favourite hugs. 12.5% of them indicated all hugs as their favourite hug.
Many of the participants showed a preference for a certain range of force
levels for their hugs. Participants responded that some hugs were more
comfortable than others due to the higher or lower pressure.
There is a rather wide range of preference within the participants for
hug forces. We have expected this as the perceived hug is due to pressure
as well as fit. Since it is not practical for us to customize the system to fit
every person perfectly, it is essential for the system to actuate a range of
pressure.
For those who responded none for the favourite hug item, they stated
reasons other than pressure delivered by the system. Reasons they gave
were lack of body heat, no emotion and reasons related to speed. A few
also responded that the hugs were not hard enough. It seems that the
system needs to actuate a wider range of pressure in order to accurately
simulate a hug.
Emotional affect
Below is a plot of the participants emotional affect in a two dimensional
Pleasure-Arousal space.
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Figure 4.30: 2 dimensional emotional affect space
All of the point of the plot reside on the bottom half, which represents
the pleasant space. The points are scattered across the middle of the arousal
scale. This concurs with our expectations since we did not anticipate the
users to feel excited from the use of the system. When asked to describe
their feelings, participants used words such as happy and I feel like my
mother misses me.
A 10 year old boy chose to describe past events instead.
Whenever I needed to take something from the store room, my mummy
accompanied me.
We later confirmed with the child that the store room was a frightening
place to him. It is interesting how the use of the system invokes memories for
the users. In this particular case, the use of the system triggered comforting
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memories for the user. The results are encouraging as we can reasonably
expect users to have positive affect from the use of the system.
Additional observations
Firstly, we observed children having difficulty using the doll. We have
neglected to consider childrens smaller hands and smaller strength when
designing the doll. They had difficulty in exerting enough force on the
sensors in order for the doll to work. This will be something we hope to
resolve in the subsequent prototypes.
Also, some of the participants remarked that the hug sensation on their
backs felt awkward. A mother reasoned that a young child usually do not
have long enough arms to reach to the back when hugging the parent from
the front. This seems to make sense and prompts we to re-evaluate the
placement of the pockets at the back.
We have also made a number of interesting observations in this study.
There was a 9 year old boy who ranked a particular hug under dislike. We
did not expect this as we expected everyone to enjoy hugs albeit to different
degrees. When probed, the boy revealed that his father (the participant
in the opposite room) loved his younger brother more. This showed that
he was able to relate the hug actuated by the system to a hug given by his
father. This is very encouraging as it is essential for one to relate to another
person in order to feel physically closer.
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Conclusion
Huggy Pajama is a novel wearable system that promotes physical inter-
action in remote communication between parents and children by enabling
each to hug one another through a hugging interface device and a wearable,
hug reproducing jacket connected through the Internet. One major contri-
bution is the design of a remote communication system with the ability to
sense and reproduce hug between two people. We believe that computer
mediated touch is an important form of human communication and will
allow a major improvement in achieving meaningful remote communica-
tion. To further this goal, in this paper we described a fundamental study
examining human brain activity when using computer mediated touch de-
vices compared with real physical touch. The results of the study described
are important because they help to provide evidence supporting the goal
of creating computer mediated touch that can produce a similar affective
response from humans relative to a real physical touch. In addition, sub-
jective user feedback was gathered giving an indication of user preferences,
usability, and sense of connectedness, which will be used to guide further
design iterations of the system. One particularly important response from
a child participant showed that such system when used in the right context
induces real emotional feelings. Using these results, further developments
in remote haptic communication systems can be invented, thus providing
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great benefits in remote mediated human communication.
Furthermore in the psychology experiment, we looked at the effects of
touch based on the pressure sensation on participants. In the future we
could explore other aspects of touch such as texture, temperature and mois-
ture. Researchers in this field could also develop systems to evaluate these
other aspects of touch and hug to contribute to the body of knowledge.
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Chapter 5
Conclusion and Future works
5.1 Conclusion
This dissertation presented contributions to the development of new types of
touch communication systems for the modern day family. The contributions
can be summarised as:
• the development and performance evaluation of the touch input mod-
ules
• the development and performance evaluation of the touch actuation
output modules
• the integration of the touch input and output modules into a real time
touch communication system for parent-child and human-pet
• the quantitative and qualitative evaluation of the integrated system
through user studies
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These contributions provide important knowledge to help us answer the
research questions and goals raised in the introduction of this dissertation.
We started the thesis by laying out the aims, goals and objectives of
the thesis. Our aim is to develop new types of touch-based communication
systems for the modern day family, based on the target users of parent-child
and human-pet.
Further, we motivated the proposed subject of this research. We started
by discussing what constitutes the sense of touch. Following that, we dis-
cussed the importance of touch to humans, and narrowed down to the im-
portance of touch in human communication. We also looked at why touch is
important for family communication, specifically to human-pet and parent-
child relations. Also, we discussed why the remote communication element
is important for effective communication in today’s modern world. Finally,
we surveyed important previous works, and described where we position our
work in the area of touch communication.
A major part of this thesis constitutes the design methodology and de-
velopment of the systems.
In our methodology, it can be clearly seen that the initial design decisions
for early prototypes that we made were guided mostly by technical and
engineering constraints. Through the process of developing the different
prototypes, we gained a vast amount of valuable knowledge which served as
important guidelines in developing remote touch communication systems.
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In addition, the technical evaluations and user studies conducted using the
different prototypes also contributed to the body of knowledge, and helped
us to improve later prototypes our systems. The final mobile wearable
version paired with the mobile input device of the Huggy Pajama system is
a testament to the extensive amount of work and knowledge that we started
to gather since the development of the first prototype for the Pet Internet
system.
Finally, we presented the results of technical and user evaluations of our
developed systems. It helps us verify that individual modules are working,
before integration into the overall expanded system. All of these evaluations
provide insights to researchers in the field haptic communication intending
to use similar technology in their systems.
User studies are conducted to obtain design parameters to guide im-
provements to prototypes, and to evaluate the effectiveness of our touch
communication systems by obtaining quantitative and qualitative feedback
from the users. The user studies described in this thesis serve two pur-
poses. First and foremost, the user studies provide an indication on the
level of user acceptance of the systems and their concepts. We obtained
and discussed the feedback provided by users on various aspects, such as
the usability of the prototype, practicality of the concept and their general
likes and dislikes about the system. The user studies also help us investi-
gate some fundamental issues, for example the question of whether remote
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mediated touch can create similar affective state in humans compared to
real touch.The results of the study described are important because they
help to provide evidence supporting the goal of creating computer mediated
touch which can produce a similar affective response from humans relative
to a real physical touch.
Another aspect of these studies allows us to investigate whether our
systems have the intended effect on users as we designed them to be. This
relates to the question of perception, and we studied the perception of users
with regards to the similarity of the mediated touch to a real touch, whether
the force level of the touch follows the normal human touch force range and
whether the hug force level resembles a normal human hug. We obtained
positive results, as users provided verification of the sensations they feel
from using our system.
This research is not aimed at only producing specific prototypes, but
also through the design and experimentation, we developed a design frame-
work for remote touch communication system for family communication. In
mapping the design space for such systems, we looked at the main aspects of
the system that can be directly manipulated or measured. Previous design
variables have been quite limited in scope, either focusing on few aspects of
the data flow [42], or offering only brief mention of the features offered in
the haptic communication with little technical details [47]. We have devised
a set of design space variables that we feel more fully define the key aspects
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of the remote touch communication system for family communication. We
indicate where the Pet Internet and the Huggy Pajama systems fit on each
of the variables in the respective figures.
5.2 Possible Applications
This research project is built on the platform of remote multimodal inter-
action using a mobile wearable computer. Though the application of the
system proposed in this paper is in the domain of humanpet and parent-
child interaction, we need to emphasize that the multimodality is generic,
and it can be extended to wide humanhuman and human animal interaction
without loss of relevance or novelty. We hereby discuss several applications
that grow from the work in this project.
Multimodal feeling communication
The extension of multiplexing voice and touch lead us to explore the re-
lationship between intimacy and ubiquitous computing [24]. In [52], a
working interactive environment is designed using the familiar and intimate
space of a bed. This bed environments applies the philosophies of ambient
environments for the presentation of background information in order to
help humanize interpersonal communication. Similarly, our system could
be developed further to suit the subtle philosophies of intimate computing.
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Figure 5.1: Design pattern for Pet Internet System
It is possible to add added body warmth and heartbeat to the multimodal-
ities of humanhuman remote interaction.
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Figure 5.2: Design pattern for Huggy Pajama system
Security and rescue pets
Our platform can be applied to the area of military and police dogs. Police
use dogs in sniffing traces of criminal fugitives in bushes; anti-narcotics
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officers use them to sniff out drugs; rescue personnel rely on them in rescue
operation to access narrow caved-in rubble. However, with the advances in
technology, the kind of help that dogs render does not really change much
over time. Our proposed system can improve the interaction between the
human and the animal work as an equal partnership, especially when they
are not colocated and the rescuers command has to reach the dog and be
executed faithfully, and, at the same time, the dogs feedback to rescuer has
to be timely.
Remote therapy
Verbal remote communication between humans and animals is difficult to
be effective. Pet Internet provides a way for pet owners to touch their pets
remotely, thus promoting the welfare of pets even while the human owners
are busy. This also gives pet owners peace of mind in caring for their pets.
For the elderly, interaction with pets prevent depression and isolation.
Pet Internet can be deployed in retirement homes, avoid health risks nor-
mally associated with animals. People who are allergic to animals can also
interact with them from a safe distance. In this manner, humans can bene-
fit from the natural interaction with pets, without being exposed to certain
health risks.
In addition, the Huggy Pajama system can be modified to allow users
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to perform remote massages to their loved ones. In this way, busy working
adults who live in different cities from their elderly parents can provide care
remotely.
Gaming
Gaming is another potential target area. We can apply a haptic suit to
provide realistic gaming experience to gamers. It is possible to design an
input motion sensing device to detect user’s movement, and convert these to
haptic output. Using the example of a fighting game, a player in Singapore
can fight against a player in the US, by wearing the haptic suit that can




The research work to develop remote touch communication systems has
shown a lot of potential to be adapted for a wide range of research fields
and industries. Throughout the course, I have had a lot of opportunities
to explain and demonstrate the systems described in this thesis to people
from different fields, including engineering, medicine, business, arts and so
on. These people have also suggested potential application ideas in their
respective fields. It is most satisfactory for me to see that ones idea and
work set of much impact, and further generation of ideas that can be po-
tentially improve the lives of humans. It is therefore my sincere wish that
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Table : Set A
Winding Distance : 25000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Soft Soft Hard Hard
1 Soft Medium Hard Hard
1.2 Soft Medium Hard Hard
1.4 Soft Medium Hard Hard
Participant 2
Gender : Male
Table : Set A
Winding Distance : 28000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Soft Soft Medium Hard
1 Soft Medium Hard Hard
1.2 Soft Medium Hard Hard




Table : Set B
Winding Distance : 27000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Soft Soft Medium Hard
1 Soft Soft Medium Hard
1.2 Soft Soft Medium Hard
1.4 Soft Medium Medium Medium
Participant 4
Gender : Male
Table : Set B
Winding Distance : 25000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Soft Medium Hard Hard
1 Soft Medium Medium Hard
1.2 Soft Medium Medium Hard
1.4 Soft Medium Hard Hard
Participant 5
Gender : Male
Table : Set C
Winding Distance : 29000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Soft Soft Hard Hard
1 Soft Medium Hard Hard
1.2 Soft Medium Hard Hard




Table : Set C
Winding Distance : 31000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Soft Medium Medium Hard
1 Soft Medium Hard Hard
1.2 Soft Medium Medium Hard
1.4 Soft Medium Medium Hard
Participant 7
Gender : Male
Table : Set D
Winding Distance : 31000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Soft Medium Medium Hard
1 Soft Medium Hard Hard
1.2 Soft Medium Hard Hard
1.4 Soft Medium Hard Hard
Participant 8
Gender : Male
Table : Set D
Winding Distance : 31000 qc
Time (s)
Force (kg)
1.5 2.0 2.5 3.0
0.8 Medium Medium Hard Hard
1 Medium Medium Medium Hard
1.2 Soft Medium Medium Hard





Control System +Pulse Width Control 1500usec Neutral
Required Pulse 4.8-7.4 Volt Peak to Peak Square Wave
Operating Voltage Range 4.8-7.4 Volts
Operating Temperature Range -20 to +60 Degree C (-68F to +140F)
Operating Speed (4.8V) 0.08 sec/60 at no load
Operating Speed (6.0V) 0.07 sec/60 at no load
Operating Speed (7.4V) 0.06 sec/60 at no load
Stall Torque (4.8V) 144.8oz/in. (11kg.cm)
Stall Torque (6.0V) 180.5oz/in. (13kg.cm)
Stall Torque (7.4V) 222oz/in. (16kg.cm)
Operating Angle 45 Deg. one side pulse traveling 400usec
360 Modifiable Yes
Direction Clockwise/Pulse Traveling 1500 to 1900usec
Dead Band Width 2usec
Motor Type Coreless Carbon Brush
Potentiometer Drive 6 Slider Indirect Drive
Bearing Type Dual Ball Bearing MR106
Gear Type Titanium Gears
Connector Wire Length 7” (178mm)






There are several types of methodologies for fabric displaying and all of
them are categorized into two major channels, namely emissive displays
and non-emissive color changing inks. Many different works have already
been carried out even expanding to commercial level products in the emis-
sive fabric displays category such as Lumalive by Phillips, [18] etc. In this
study we are particularly interested in the non-emissive displays due to its
more passive appeal to users. We believe that such displays are suitable for
the Huggy Pajama due to its less protruding or disturbing nature. These
non emissive displays usually change their properties based on external in-
fluences as listed down in Table C.1.
Out of the above, thermochromic ink was selected to be our choice due
to its easier implementation yet more effective results. Thermochromic







Halochromic change of pH value
Tribochromic Mechanical friction
Solcatochromic Solvent polarity
Photochromic Ink UV light
Thermochromic Ink Applying heat
Table C.1: Non emissive display technologies
range of colors with different activation temperatures. In the next section
we discuss the design and implementation of the temperature controller in
order to actuate the thermochomic ink that is painted on the fabric. For
this purpose we use an ink custom made to display several different colors
at several different activation temperatures.
We used conductive yarn sewn onto the Huggy Pajama both to generate
heat for warmth and also to control the color change. The microcontroller
circuit monitors and regulates the temperature of the area close to the
heating element. We used serial digital output temperature sensors for
feedback of temperature changes.
For the color changing display, we have considered using electrolumines-
cent (EL) wire. However, emissive lighting on clothes is not very natural,
and could be a distraction in most places and at most times. The color
changing of the pajama to be more organic, calm, and ambient, especially if
children is one of the targeted users. Thus we used thermochromic material
412
to implement the color change part of our system.
There were several previous projects related to thermochromism on
clothing. The two main ones are Shimmering Flower [26] and Mosaic
Textile [120]. Contrary to our method of using leuco dyes, Mosaic Textile
uses liquid crystal for color change. Compared to liquid crystals, leuco dyes
are more stable when exposed to air and light, and can be directly screen
printed onto cotton fabric. It does not need to be applied on a black or dark
color substrate, which liquid crystals require. Black fabric is not suitable
for our application as it is meant to portray a cozy and homely feel.
On the other hand, the Shimmering Flower project uses color change
for the purpose of ambient display, with no particular need for a precise
control of color output at different temperatures. In Huggy Pajama, we
map different color outputs to distance. Therefore, simplicity, robustness,
and consistency of data matching are the main criteria in the design of the




Experiment for flexiforce sensors
Weight/g Force/N Sensor1/V Sensor2/V Sensors3/V Average output/V
10 0.0981 0.5 0.55 0.46 0.50333333
50 0.4905 1.51 1.32 1.06 1.29666667
100 0.981 1.69 2.27 1.91 1.95666667
150 1.4715 2.39 2.4 2.37 2.38666667
180 1.7658 2.68 2.92 2.58 2.72666667
250 2.4525 2.87 3.16 2.95 2.99333333
350 3.4335 2.87 3.55 3.02 3.14666667
500 4.905 3.4 3.98 3.76 3.71333333
600 5.886 3.5 4.08 3.79 3.79
750 7.3575 3.6 4.16 4.04 3.93333333
850 8.3385 3.9 4.248 4.09 4.07933333
900 8.829 4.02 4.27 4.17 4.15333333
1000 9.81 4.06 4.29 4.2 4.18333333
1250 12.2625 4.2 4.32 4.39 4.30333333




Pet Internet schematic diagrams
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Flexiforce servo motor armband
schematic diagrams
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Input doll schematic diagrams
421
Figure G.1: Input doll PCB Top Layer
422




Huggy Pajama Version 3 schematic
diagrams
425
Figure H.1: Slave Board PCB Top Layer
Figure H.2: Slave Board PCB Bottom Layer
426
Figure H.3: Master Board PCB top layer
427
Figure H.4: Master board PCB Bottom Layer
428
Appendix I
Huggy Pajama Version 4 schematic
diagrams
429
Figure I.1: Slave Board PCB Top Layer
430
Figure I.2: Slave Board PCB Bottom Layer
431
Figure I.3: Master Board PCB top layer
432
Figure I.4: Master board PCB Bottom Layer
433
